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1. INTRODUCTION, SUMVARY, AND BACKGROUND

A technical work effort has been completed which successfully aJdressed the
requirements to determine a method for measurement of absolute fiel strength of io,-
frequency signals using aircraft receivers and to develop a capability to predict
theoretically low-frequency propagation and signal strength -Is a finction of distance,
elevation, frequency, time of day and season, terrain ai.a air-ospheiic conuiatom.
Further, measurements have been accomplished which provide data for correcotu;n
ground derived data with that from airborne measurement! and that pred;cted using
the mathematical model.

One fundamental motive for conduct of this work v/us ro provide a theoreIicol
capability to predict signal strengths which wouia be produced by low-frequency,
non-directional beacons and to provide a simple means or obtainin fie . strength
data both on the ground and in the air which would be consistent with 4 'ri predictions.
Once consistent measurements are availab!e on the ground and in the air the FAA then
has a justifiable means for reducing flight check operations involving the non-
directional beacon navigation aids.

The objectives have been successfully met. A mathematical model no,, exists
which will provide the desired predictions. Considerable data has been obtained usina
a truck and an aircraft and consistency in the dcta is apparent,

Remaining to be accomplished, perhaps, is the rnore extentve data cohlectiol,
and correlation using FAA equipment and implementations of the equinmen- desianel
on this project.

Although a special calibrator was designed and built b> OYi- - Jni,,! ity, t
now is one-of-a-kind which needs to be produced n snc; q:nie. o, , rn:;' f , oxrer, -ivc-
applications in the various regions of the United State,,. The meaur, nert techniques
using this small, low-cost box are simple and straightiorward anc skou d per r.lt on
implementation of this technique which should ultimately save sigiifcc a - o-cnts of
flight check time and fuel.

Significant to the success of this work was the oil abfit , +e rhecrtcal
background work previously accomplished by the National Burec of Urcir.rd.,. USng

this work as a base,the investigation required hy this pcjon,-:' proc, e ,.d rn,,. ik 'o
produce the desired prediction capabilities. Avoilabie row ns a result of nl -,o aie.

1. The capability to calculate the jqnol streng t .xoL ;ted . oln (, low
frequency beacon given altitude, range, terrain, and seascn.

2. The capability to measure simply the strergtt oL . Ic c; I

using either a ground vehicle or an aircrnft.



Variations between measured and predicted can be expected to be typically 5 dB
and between repeated measurements only 1 dB. Variations in signal strength at a
point in the airspace between that predicted based on a ground measurement and
that actually measured in the aircraft can be expected to be near 3 dB. As the
knowledgeable engineer will know, this represents a significant improvement over
present capabilities.

Three different propagation models have been used, with each one making
different assumptions in its calculation of field strength. A model assuming a smooth,
homogeneous, finitely conducting earth and a homogeneous atmosphere is discussed in
Section II. The result of these assumptions about the propagation medium is that the
sky wave contribution, which is the wave that is reflected off the upper atmosphere,
is neglected in the calculation and the ground wave is computed for on idealized case.
However, measured data is also presented in Section II which shows that these assumptions
can provide accurate results under many circumstances, particularly at the relatively
short distances (100 nm or less) of interest for NDB's. Also, these assumptions allow
a more economical solution. In Section II, the same model is again utilized to examine
parametrically effects of frequency, ground constants, receiver altitude and effective
earth radius on ground wave propagation. Section IV discusses a model which allows
an inhomogeneous atmosphere; therefore including the sky wave terms in the solution.
Additional factors such as time of day and season thus can affect propagation of the
wave. These are input to the model, from which reflection coefficients of the ionosphere
are chosen and the sky wave component is added to the ground wave to obtain the total
field. Section V introduces yet another model in which the atmosphere is again assumed
homogeneous, but an irregular and inhomogeneous terrain is allowed. Therefore, the
sky wave is ignored, but the earth's surface need not be considered smooth and homogeneous
as before. This model is used in Section V to make field strength computations over
terrain profiles in Montana,and measured data is then compared to the predicted values.
Field strength is also computed for terrain profiles of an Ohio location using this model,
showing that terrain irregularities of the magnitude found in that area have little effect
on field strength at frequencies from 200-500 KHz. Finally, Section VI summarizes the
results of this study.

In the Appendix are details of the design, fabrication, and testing of the signal
strength measurement unit. Data is present in this report which will allow the reader
to draw his own impressions of the credibility which can be ascribed to the models and
measurement methods.

The theoretical prediction of electric field strength in the frequency range of
200-500 KHz presents special problems not encountered at frequencies above and below

this range. At higher frequencies, the wavelengths are much shorter than the dimensions
involved in the propagation medium, such as the distance between the earth's surface
and the ionosphere, as well as the radius of the earth itself. For these short wavelengths,
the boundaries of the propagating medium are at much greater distances (in terms of wave-
lengths) and, therefore, the conventional geometrical optical theory may be applied.
However, as frequency is decreased, the wavelength is no longer small compared to the

-2-



criticci dimensions of the propagation medium and, therefore, the geometrical optics
treatment is no longer valid.

The requirement for a more rigorous mathematical treatment of wave propagation
at lower frequencies can be met by applying Maxwell's equations to the problem,
specifying appropriate boundary conditions and describing electrically the propagation
medium. At frequencies below 200 KHz, this procedure yields a type of propagation
referred to as "waveguide mode propagation", since the wave propagates essentially
in a waveguide formed by the surface of the earth and the ionosphere. This solution
is, of course, also valid for higher frequencies, but since the wavelength becomes
small in comparison to the waveguide as frequency is increased, the number of modes
which must be considered is large. Therefore, the analysis using this approach is quite
involved and complex.

In the frequency range of interest for the work with non-directional aircraft
navigational beacons (200-500 KHz) a rigorous mathematical solution is desired, but
is difficult to achieve. The approximations which can be made at higher frequencies
are no longer valid, and the rigorous mathematical development which allows a solution
at lower frequencies is applicable but not practical to use in the same form. Thus,
In order to obtain accurate theoretical prediction of radio wave propagation in this
frequency range, certain approximations and transformations become necessary before
a practical solution can be realized. It should also be noted that, even in this frequency
range, different approximations may be valid under different conditions. In other words,
one particular solution which will be of practical value in all cases in this frequency
range does not exist.

Only in recent years have high speed digital computers been available to allow
a numerical solution to the radio wave propagation problem in the frequency range of
interest. Previously, the theoretical prediction necessarily consisted basically of
graphical techniques based on the propagation formulas,

For purposes of comparison with predicted values, very little experimental
data on field strength in this frequency range has previously been taken. Very few
ground based measurements are available, and apparently little of this type of data
has been taken from the air. Therefore, nearly all experimental data contained
in this report has been obtained using the techniques discussed in the Appendix.

-tThe capability to predict accurately electric field strength allows all related
engineering decisions to be made with confidence. The ability to model mathematically
the propagation mechanism of radio waves is important in many areas of communications
and navigation. In this frequency range in particular, the coverage range of all non-
directional beacons (NDB's) is determined based on this theoretical prediction. There-
fore, accurate propagation prediction capabilities are necessary to determine the geo-
graphical separation of these beacons required to avoid interference problems from
co-channel and adjacent-channel facilities.
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II. GROUND WAVE PROPAGATION

A. Wave Propagation in General. As was discussed in Section I, the pro-
pagation mechanism for radio waves in the frequency range of 200-500 KHz is quite
complex. By necessity, therefore, the mathematical modeling of this propagation
mechanism is also very complex. This section will deal with the theoretical solution
of equations describing ground wave propagation. This solution has recently been
modeled I1] to allow prediction capabilities with a digital computer. Using this
existing model, which has been adapted for use on the Ohio University Computer
system, a comparison of this predicted field strength and measured values is then
made.

Keeping in mind the assumption of a homogeneous atmosphere, the propagation
of waves under these conditions consists entirely of the ground wave. Ground wave
propagation can be separated into two different types of propagation, referred to as
the surface wave and the space wave. Surface waves propagate along the boundary
of two different media, those media here being the earth and the atmosphere. The
space wave can be further divided into a direct wave and a ground-reflected wave.
Both these propagation mechanisms require that the receiver and transmitter are
within line-of-sight. As the terms suggest, the direct wave travels from the transmitter
to the receiver directly. The ground reflected wave is reflected off the ground before
reaching the receiver. Figure 2-1 illustrates these different types of ground wave
propagation.

Space Wave
/, 1 Receiver

Surface Wave Transmitter
Transmi~tter Ground- Reflected

Figure 2-1. Modes of Ground Wave Propagation [2 J.

B. Ground Wave Propagation in the Frequency Range of 200-500 KHz.
Because of the properties of the ionosphere and their variation with time of day and
season (which will be discussed in Section IV), it can generally be stated that at
these frequencies the contribution of the sky wave at short distances is insignificant
compared to the total field. As a rule, in daytime, at distances less than 300 Km
the sky wave contribution need not be considered. At night, due to changes in the
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ionosphere resulting in less attenuation of the sky wave, it may be significant at distances
as near as 100 Km. However, in this section only the ground wave solution is considered.

As has been stated, the ground wave consists of a space wove and a surface wave.
For transmission of a radio wave from point-to-point on or in the vicinity of the earth's
surface, therefore, the receiver and transmitter will be within line-of-sight only at short
distances. For this reason, it is clear that the space wave is only important at relatively
short distances, since propagation by this method requires line-of-sight conditions. When
the receiving antenna is beyond the radio horizon when viewed from the transmitting
antenna, the wave must propagate as a surface wave.

In the particular case of propagation from NDB's, the major area of interest
for this report, the fact that the antenna must be within line-of-sight is clearly restrictive,
since the transmitter is situated directly on the earth's surface. Thus, the surface wave
is responsible for the propagation even at relatively short distances. It should be pointed
out here that it is quite possible, under certain conditions, for both the surface wave
and the space wave to make significant contributions. Of course, the field due to one
of these propagation mechanisms cannot, in general, be experimentally distinguished from
the other. These circumstances also usually necessitate the use of analytical techniques
developed specifically for these conditions.

C. Mathematical Modeling of Ground Wave Propagation. For a complete
theoretical description of ground wave propagation, all these propagation mechanisms
must be modeled. These again include the direct and ground reflected wave of the space
wave as well as the surface wave. These types of propagation generally will require
different methods of solution depending on the exact conditions specified in the problem.
The use of different methods of solution is necessary to maintain accuracy in the predicted
field strength and also allows a final solution to be obtained with greater speed and less
effort and, therefore, more economically.

The choice of which method will be used to make the calculation in a given in-
stance is based on the distance separating the transmitting and receiving antenna, the
altitude of the receiving antenna, the radio frequency, ground constants along the
propagation path, and the value of earth radius factor. Knowing these parameters,
decisions can be made concerning the validity of a particular model in a particular case.
Program GWSNR (Ground Wave Signal-to-Noise Ratio), a propagation model obtained
from ITS [M], uses four different methods to compute field strength. The program transfers
control internally to certain points based on a comparison of the parameters mentioned
above, assuring that the field strength calculation will be made using the appropriate
model. The program incorporates the flat earth model, the method of geometrical optics,
numerical integration techniques, and a residue series solution as possible methods of
field strength computation.

1. Flat Earth Model. The radio wave will propagate as a surface wave
if both the transmitting and receiving antenna are near the surface of the earth. The
actual distance from the earth's surface beyond which the flat earth model will not
be valid is somewhat arbitrary. As was mentioned earlier, the transition point from
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one model to another is not always a clearly defined point, and the valid areas of
application of the various models may in some instances overlap. Nevertheless, the
criterion that the transmitting and receiving antenna be near the earth's surface can
be meaningful only if those heights are measured in wavelengths. Now, assuming that

both antenna are within a few wavelengths of the earth's surface, and that they are

separated by a short distance (such that the curvature of the earth is negligible), the

flat earth model can be used. The advanrtage of using the flat earth model, where it
is applicable, is that simpler formulas can be used in making a field strength calculation
and, therefore, less computer time is required.

The use of the flat earth model essentially entails a calculation of field strength
over an infinitely conducting earth, and then modifying this result by multiplication by
a factor which accounts for attenuation of the wave due to the fact that the earth is
finitely conducting. This factor is known as the flat earth attenuation function [3].
Figure 2-2 illustrates a vertical electric monopole of length I and carrying current I
located on the surface of a finitely conducting earth.

z

J- y

.L
EEz H O°0

Figure 2-2. Geometry of Flat Earth Model.

The fields in this situation are well known and have been calculated by many
authorities for the case where the monopole is located in free space. Harrington [4],
for example, has used the concept of vector potentials to obtain a solution for this case.
The final solution for the far fields from a current element in free space is

Ee = i I-e4- sin 9 * (2.1)

Since we are not concerned at this point with the time harmonic properties of the wave,
we can neglect all phase information and be satisfied with describing the magnitude of

electric field. Also, since we are interested only in the field strength due to the surface
wave, the sin e variation can be neglected. So we have,

See Glossary far definition of terms. 6-
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E ix (2.2)

Since, in our case, the current element I9 is situated on the surface of the earth,
which is for the time being assumed infinitely conducting, due to image theory the far
field terms will be exactly doubled. Therefore,

E0  -n- (2.3)

Now to determine the power radiated by this current element, it is necessary to integrate
the Poynting vector (fx i*) over the surface of a sphere enclosing the current element
and of a radius large compared to one wavelength.

We have

E I. .-ikd sine and H- .0-Ikd sin (2.4)

Therefore,

Pf 2w w/2 rI#I(EH 8M v 1 )
Px dr2sinEeH 7de ur'l " 1

(2.5)
when Pf is the complex power radiated. Now the actual average power radiated by the
current element is the real port of Pf, or

1 4 2
~r e I PJnl (2.6)

Generally in a practical situation the radiated power of a system is more readily
available and easier to determine than the effective height of the antenna and the current
of the antenna as a function of its height. Therefore, to define the field strength in the
far field in terms of effective radiated power (ERP), a simple substitution of Equation (2.6)
into Equation (2.3) is required. From Equation (2.6),

(2.7)

Now substituting Equation (2.7) into Equation (2.3),

Ee - J 3 9.487 /r
- -d (2.8)

Equation (2.8) is the correct expression for the field produced by a vertical
current element radiating over an infinitely conducting flat earth. The attenuation
function accounting for the wave propagation over a finitely conducting earth must
now be considered to obtain an accurate description for the field strength. The flat
earth attenuation function has been developed by Wait C3] by assuming a current element

-7-



located over an impedance plane with a given surface impedance 8. Since the assumption
of an infinitely conducting earth has now been eliminated, the boundary conditions at the
interface of free space and the earth's surface are now,

Ed = - 8 H 0. (2.9)

The total electric field can now be thought of as consisting of three components.
Equation (2.8) contains only two of these components: the direct wave and the image,
or reflected wave. The third component must be included as a correction term since
the propagation medium is no longer assumed infinitely conducting. Wait's development
essentially shows that this correction can be represented as,

E(d)=9.487 v (1 - R 6 eL erfc (z)) (2.10)E)=d r 0

where -
- (2.11)
9

and .1.8 x 0 7 a
r) d -i 1 (2.12)

for vertical polarization

with e and a the relative permittivilty and conductivity in mhos/m of the earth, res-
pectvely, f the radio frequency in kilohertz,

(2.13)
R e - /F572

and

D =-h2) (2.14)

with k = 27r/) , A being the free space wavelength. erfc is the complementary error
function as defined by Abramowitz and Stegun [5) and

W )i +h

z=.i V -6(1+ (2.15)

where hI and h? are the heights of the antennas and d is the separation of these antenna
along the earth s surface. This development is subject to the condition that I r1<<n 0
where r1 is the intrinsic impedance of free space. This condition is not, however,
restrictive in any real physical situation involving wave propagation over the earth and,
therefore, is of no consequence in the results here. It is necessary only in the method
by which the attenuation function term is evaluated, which makes use of a modified
saddle point method 16].
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Thus it can be seen that the computation involved in the flat earth model is not
extensive, and considerable time can be saved by applying it to situations where it is
valid.

2. The Method of Geometrical Optics. For cases where one antenna is
well above the radio horizon when viewed from the other and both antennas are re-
moved from the earth's surface, the method of geometrical optics can be applied to
the problem to determine electric field strength. This method can also be utilized
when the distance between the two antennas are great enough that the curvature of
the earth must be considered. The geometry involved in this case is illustrated in
Figure 2-3.

2 h2

Figure 2-3. Geometry Applying to Geometrical Optics Method of Solution.

Since the transmitting antenna is now no longer situated on the surface of the
earth, the field strength due to the current element in free space can now be used to
describe the direct wave. This field strength will be exactly 1/2 that determined earlier
for the current element on the surface of an infinitely conducting plane (Equation (2.10)).
However, since under these conditions two different propagation mechanisms are involved
(the direct wave and the ground-reflected wave),the total field at the receiving antenna
will be the sum of the field due to each of these mechanisms. One is still concerned only
with the magnitude of the total electric field, but in order to add the field strength of
the direct and ground-reflected waves, the phase of each must be considered. Once the
complex fields at the receiving antenna are added, takin:.) into account the phase in-
formation, the magnitude can then be determined.

To insure that the waves are added with the proper phases, one can arbitrarily
choose asa reference the distance d between the transmitting and receiving antennas over
the earth's surface. Therefore, the electric field at the receiving antenna can be written
as:
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E = 9.487 e -ik (D-d) (1 4- R -k (D1+D 2-D)) (2.16)
2D g

Here Pr is the effective radiated power of the transmitting antenna and Rg is the ground
reflection coefficient. This ground reflection coefficient is a function of the angle of
incidence of the wave, radio frequency, and the ground constants along the propagation
path. It is, in general, a complex value. The equations for reflection coefficients
derived for reflection from perfect dielectrics are valid for a finitely conducting earth
provided that the complex dielectric constant is used in place of the real dielectric
constant used for the case of perfect dielectrics [73. So,

i (2.17)

Making these substitutions, the reflection coefficient for vertically polarized waves is:

2(c-x)- Cos
sin A- rer -I

g ,(e r-ix) +cosTA
sin A+

(er - (2.18)

where 9 18x109a
we f (2.19)

The geometry involved in the problem allows computation of the distance between
the antenna, D, through a rather lengthy, but straightforward formula. The distances
D1 and D2 cannot be determined by a closed form solution, but iterative techniques can
be easily applied 1].

3. Numerical Integration. Special problems in computation are encountered
when the receiving antenna is near the radio horizon when viewed from the transmitting
antenna. At this point, the direct ray is still present but the effects of diffraction of the
wave around the earth's surface are also significant. In this region a transformation
solution of the physical problem with an assumed smooth, homogeneous, spherical earth
yields the following expression, which must be numerically integrated to obtain a solution,

E'/ v -i3w/4
1E - 9 f e F(q, t) dt (2.20)

r

where v = (ka/2)1/ 3, x =v 0 , and q iv8 . (2.21)

H (h 1) H2
(h 2)

IFl(q, t) 2

w, -q(2.22)

-10-

MANi

I0 11111111110. . . " ..



The ITrinsformo a, ti ~ r i 1 ,-)1 ker - to): icqrc. 7 c. e tusei a~s at
a Iternrrtive to or' infinite -,jmuicovz 4, of I c-o f (1i c

As can btsete ., Hht,, K i.F(q )Ko~oIy Aeper i.vt _,r'on- the /'iry functions

and reloted to the ,j(-,)4n-rry cad piyi' cr, ;d-ons rco7truJi ceth e ieight-gain

functions are exroressed iIt *r ms of tWe 'r"fu. io r Ins.

H (h) '

and

H (h 5if . (tY) "Y"

2 ~(2. 24)

Airy functior's can .e rejCte--I L, 11 r, 11- 0 ar i rf- .- ef I i- sclutions tc

many problems nvo!,'H. r ieric a c'nord(i. ota . -u6to- : ot~sfy thie
equation

W ( fvJ (t) i 2. 215)

and have been tI:hj atf-,

4. ;eiw- t n J) r, rceiv ;- is~n _ oPyornd thel radic7
horizon wno_-n cq '- e to."t .r c' n: wriuel

the field and. t-,t-t-r tle ' ' ~ T' ae~',StWI

assuming a homoacr;s.1orrr- s iffr ~ lr' ~~t-.' :"e' 1> cd Ur-er 'hese
circumstanrces a~.s r ;:tnSsra:7

leading to this scrT' tc CJur infeqral,
eThis particular tra'-sro.-'ri ' o- r- r i .. e I Ift-r~ed toI.as the Watson trnsc -ic 1I nil i be

presented here, but the or,Je~ o jiI ov0 1 ,T ,Nil uCes
1:3, 9, 10). The stern n' ir v ~"r'--r , "nIrmcion

lead to a solution of rhe .~ f,)ro, :- V. !tt, Q rnoora

atI lows a soIu ti on Df thk, te (4 i! (,- -it t ic in,_ "seri _ cthe: ilo numrrc

integration. Thir is :sod: i -_ J~ q'.y~*'eorobie!r-' foces condt';ns

when the two arter-c -ire '- - i t',, -1 J ''C -c.(r fvK. Cl_ fi.- not Pr_;7t

that are not ,aiic ass,,-)-, tl E5 tW * IC :Ud.. i.

The mode'; is cgii. su-& cotuh ~r : , hr. VCns. 14)~r and

the geometry is shown ;n 7 ijgi'e 2-A-. T crr' .G& rhe 5>AcZ. d*poie
located at a height -, wk.e,: 7Ca f n oxi ote s)'stetr;, rI,, ,t' ha5

chosen.

A polerrtioi functlon U :s :hN i*(sM~.J.'ie e'?UCiori f-or r ' c.

2 + 2 (2. 26)



-Source

hi

a

Figure 2-4. Geometry Applying to Residue Series Solution.
Then the various components of the field are:

E (k2 + =)a (2.27)
r

E= a2 (r U) (2.28)r a rae

H -le (i a -U (2.29)

E0= H r=Ho = 0 (2.30)

The solution of these equations in spherical coordinates allows the potential function
U to be expressed in terms of an infinite summation of spherical Hankel functions of
the first and second kind (hn(l)(kr) and hn (2 )(kr)) and Legendre polynomials (Pn(cose)).
Next the boundary conditions are applied. This again is

Ee= -14Hat r =a (2.31)

which is equivalent to Equation (2.9) but expressed now in the spherical coordinate
system defined in Figure 2-4. Of course this expression assumes that the influence of
the earth is completely described by its surface impedance 8 , which is equal to the
ratio of tangential electrical and magnetic fields for a vertically polarized wave incident
upon the earth's surface at a grazing angle. The total field in terms of the potential
function U is then expressed in the farm of the infinite summation

-12-
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U I (2n +1) f(n) P (cose) (2.32)
n"O

where f(n) is a known function of Hankel functions of the first and second kinds. How-
ever, for very low radio frequencies, this expression requires a calculation of too many
terms to be useful. Therefore, using the Watson transformation, the summation can be
expressed as a contour integral (Equation (2.23)) for which the contour can be chosen to
allow the potential function to be computed by summing the residues of the poles of the
integrand.

U - I f. Ldn f(n- j ) P [Cos V -8] (2.33)
cos nin- 4)

The computation procedure has now been transformed to one of location of the poles
of the integrand, which involves the function f(n- ) of Hankel functions. Since Airy
functions are closely related to Hankel functions and are found to permit the computer
implementation with less difficulty, the potential function U has been expressed using
these Airy functions.

I -*xts W(t-Y )  w (ts- Y )U 44 U e•iw/ 4  2 (w x ) I I1 e•

0ts w (t) w, (t ) (2.34)

q
where

Y= 2 1/3
Y (fa) k (2.35)

x(_ )1/39 (2.36)

and 2ndka 1/3 V a V 02

q=1V-( - ) )(2.37)
1 V1

where Vo = ik, V is the propagation constant of the earth, and wl(t) is an Airy integral.
The roots ts are solutions to the equation

w (t) - qw (t) - =0 . (2.38)

Program GWSNR uses the concepts introduced here in its computation of field
strength for great distances. As can be seen in Equation (2.34), the Airy Function Is
used in both the root determining equation and the height-gain function. The reduction
of calculations involved using this procedure has made possible the computation of field
strength which otherwise would have been prohibitive. Again, further details of the
transformation solution can be found in the references previously sited.
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D. Analysis of Measured Data. In this section the accuracy and reliability with
which the electric field strength can be predicted will be investigated by comparing the
values predicted by model GWSNR with measured field strength values. The measured
field strength values have been obtained by using a Fairchild EMC-25 selective volt-
meter and loop antenna for ground based measurements, a King KR-86, or a Bendix
DFA-70 receiver with a CNA-70A control panel for airborne data collection. The
receiver systems used for airborne measurements were calibrated using a procedure
outlined in reports of the National Bureau of Standards [111. The measurement technique
is described in Appendix A. The procedure essentially entails calibration of the aircraft
receiver system by utilizing certain facts concerning the near-zone coupling of loop
antennas. Although only a system using a loop antenna can be calibrated directly using
this procedure, receiving systems using other types of antennas can be calibrated in-
directly. However, all measurements reported here Here made using a loop antenna.

The program GWSNR computes field strength assuming a smooth, homogeneous
earth and a homogeneous atmosphere, so all terrain irregularities, as well as any in-
homogeneity along the propagation path and sky wave effects, are neglected in the
theoretical computation.

1. Theoretical - Measured Correlation. All ground comparisons presented
here are taken from NDB facilities in southkern -o. Most of the flight data as well
has been collected in southern Ohio, but a few measurements were available from beacons
in Pennsylvania, Massachusetts, Connecticut, and New Hampshire. All figures here
show the theoretical curve as the solid line with the measured values plotted using a
symbol to indicate the date the measurements were taken. The generation of the theoretical
curves required the radio frequency of the beacon, its effective radiated power, the
earth radius factor to be used, and the ground constants along the propagation path as in-
puts to the computer model. With exception of the ERP, all these parameters can be
determined with little difficulty. The effective earth radius is a factor which accounts
for refraction caused by the lower atmosphere. It .vill be considered more fully in
Section III, where its variation within reasonable limits is found to cause insignificant
changes in computed field strength at distances of interest for NDB's. The ground con-
stants have been determined from charts prepared by Arcove and Delany [121. The
effective radiated power of each beacon has been deiermined experimentally essentially
using a procedure suggested in the FAA Handbook 6050. 10 [131. This method assumes
the normal inverse distance attenuation of field strength, which can be seen to be valid,
under the assumptions made in the theoretical calculations, to distances of at least 3 or
4 nautical miles from the antenna. Manipulation of the basic equations enables the
use of the following formula for ERP determination:

measured signal (rrV/'m) I(2 log1 0  162 mV 2 iog measuring distance)
ERP = 10 X~k

Ilkw
(2.39)

The 162 mV/m is the signal strength which would be measured at a distance of I nautical
mile from a facility radiating I kw ERP, which is used as the reference in this calculation.
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This formula has been used to compute the ERP .f all focilities for which ground
measurements were available within 4 rm. Where more than I measurement point was
taken within 4nm, an average of all points was taken. For beacons outside the State
of Ohio, the ground measurements were not availaLle. This required that the ERP value
be determined from published data. The transmitter power for these facilities is listed
in FAA Master Radio Frequency List, RIS AF-6050-12 [141. Using this value and assum-
ing performance for these facilities as indicatcd in FAA Handbook 6050.10, ERP values
of 0.536 watt and 1.072 watts for facilities with transmitter powers of 25 and 50 watts,
respectively, have been obtained. The experimentally determined ERP was found to
vary considerably among the beacons checked, as its value is dependent upon many
factors (such as antenna type, transmitter power, ground conductivity in the immediate
vicinity, and frequency). This variation is shown in Table 2-1, where the '"ublished"
values used for reference have been determined using the FAA references previously
mentioned. (An exception is the Columbus, Ohio facility which has increased transmitter
power since the FAA Master Radio Frequency 'ist of April 1979.) The table shows values
of ERP measured and determined from pub!ished data and their difference (in dB) for each
facility for which ERP measurements have been taken. As can be seen from this data, the
published values are not a reliable indication of the actuai ERP, as variations from
-14.739 to +7.628 dB are found. No definite trend can be noted here, such as
variation with frequency or other parameter, but the inaccuracy of the ERP determined
from the published data can be established. When available, the measured ERP is used
as input to the computer model in this study.

Once all input parameters had been determined, the theoretical cn.rves could
be computed and plotted. This then allowed the comparison between theoretical and
measured values to be made. To make these cornporisons, the measured values have
been plotted on the appropriate graphs correspniding to a rarticular beacon and altitude
of measurement. The results are shown in Figures 2-5 through 2-28. Figures 2-5 through
2-22 show results for beacons located in southern Ohio, while beacons outside Ohio
are shown in Figures 2-23 through 2-28. Sirce effctive radiated power measurements
were not made on beacons outside Ohio, the ERP olues indicated on these figures were
obtained assuming performance as given in FAA Handbook 6050. 10 for facilities of
appropriate transmitter power, determined from FAA Master Radio Frequency List
6050-12, April 1979.

Considering first the southern Ohio beacon tacilities, rote that the plotted
results are arranged in order of increasing frequency ond altitude. Figures 2-5 and
2-6 illustrate predicted and measured data for the NDB facility located at Cambridge,
Ohio operating at 233.51 KHz. Its call sign is CDI ond the ERP measured for this
facility is 0.598 watt. Figure 2-5, snow ina the ;round based data, illustrates agree-
ment within 3 dB of all points measured fhr this facility, with one exception, which is
located at a distance of 16 nm and is 7 dB belov, the predicted value of field strength.
The flight data for this facility, as shown in Figure 2-6, consists of only one point,
which agrees very well with the predicted value. Although in general the agreement
shown here is goad, the data for this faciity s insufficient to yield conclusive results.
The variation in measured field strength illustrated here could be due to one or a com-
bination of many factors. A beacon operating at a frequency very close to the Cambridge
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Determined
ERP from

Loain Call Frequency Measured ERP Published Data Difference
Loain Sign (KHz) (watts) (Watts) (dB)

Cambridge, CDI 223.51 0.598 0.536 +0.475
Ohio

Chillicothe, RZT 236.51 1.024 0.536 +2.811
Ohio

Albany, UNI 250.00 0.700 0.536 +1.159
Ohio

Zanesville, ZZV 332.00 0.296 0.536 -2.579
Ohio

Circleville, CYO 366.51 0.018 0.536 -14.739
Ohio

Columbus, CMH 391.00 9.683 1.672 +7.628
Ohio

Table 2-1. Comparisons of Measured and Determined ERP for NDB's in
Southern Ohio.
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facility is located at Chilllcothe, Ohio which transmits at 236.51 KHz with a measured
ERP of 1.024 watts. The call sign of this beacon is RZT and results of comparisons of
measurements with the predicted values for this facility are shown in Figures 2-7 through
2-9. The agreement here is seen to be usually within abact 5 dB, with a worst case
of 8 dB. While the variation in field strength may be caused by terrain irregularities,
this is unlikely at a frequency as low as this. Observing all three figures for the
Chillicothe beacon, it is Immediately obvous that nearly all neasured values fall
below that predicted by the theoretical cUrve. It is, therefore, quite possible that
the ERP experimentally determined for this beacon is slightly higher than the actual
value, at least at the time that the remainder of the measurements were made. This
could happen for a number of reasons, such as a slightly higher ground conductivity
in the vicinity of the antenna or possibly an inaccurate reading caused by noise inter-
ference. Also it should be kept in mind that the tolerance of the Fairchild EMC-25
selective voltmeter is * 2 dB, and this cula contribute to the error in the measurements.
Therefore, although it is possible that the terrain irregularities could cause slight variations
in electric field strength, at these low frequencies, this factor is not expected to have
significant effects on field strength. Effects of irregular terrain are considered in more
detail In Section V.

One further point concerning the oresentation of data for this and the remaining
sets of plots Illustrating correlation between theoretica! and measured field strength should
be made. The data is plotted in these figures corresponding to the altitude closest to which
the data actually was taken. In some cases it has not been taken exactly at the height
for which the predicted curve has been generated. However, it wil be shown later
(Section II, D.2) that the altitude at which the measurement is taken has very little
influence on the value of field strength determined within a range of roughly ± 1000
feet. This is to be expected, given the long Havelength of the waves at the frequencies
in question. It is also shown in Section III that the model predicts that the receiver
altitude is, in general, not significant to field strength at a given distance. In summariz-
ing the data presented for these two facilities, then, it can be noted that the data is
regular and, for the Chillicothe beacon, consistently below the predicted values. The
most probable explanation for this is that the ERP determined experimentally for the
facility and used in the generation of the theoretical curves is slightly higher than the
actual value.

Figures 2-10 through 2-14 have been prepared using data obtained from the
NDB facility located at Albany, Ohio (UNI) operating at 250 KHz with a measured
ERP of 0.700 watt. All data gathered for this facility shows very good agreement with
the corresponding theoretical curves. The maximum deviation from the predicted curves
Is around 7 dB in all these curves and nearly all points ore within 3 or 4 dB. The data
also illustrates repeatability of measurements, s'nce ground measurements are shown for
six different times and flight data has been taken at five different times, including one
set of points taken under nighttime conditions. As can be seen, and as expected, the
sky wave effects even at night have not affected the field strength noticeably for the
distances of interest for navigational beacons of this type. Also, the flight data for
the Albany beacon illustrates field strength measurements taken with different aircraft.
The largest discrepancy between measured and predicted field strength in Figure 2-11
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occurs with data taken with the DC-3 on 6/19/79, which runs 5 to 7 dB above the
predicted values, but this data is only 3-4 dB above data taken with a smaller aircraft
such as a Cherokee. Also, data taken at higher altitudes with the DC-3 indicates much
better agreement with predicted values, with differences of only 2-3 dB, and data taken
6/1/79 with the DC-3 does not vary from the predicted value by more than 2 dB with
exception of one point on Figure 2-12 at 26 nm, where the field strength is small and
noise interference can be a major factor. Aircraft fuselage effects will be further dis-
cussed later in this section, but indications here are that the aircraft does not signifi-
cantly alter the field strength value measured.

k

Figures 2-15 and 2-16 illustrate the comparison of theoretical and measured
values of field strength for the beacon located at Zanesville, Ohio. With a call sign
of ZZV, its operating frequency is 332 KHz and the measured effective radiated power
was 0.296 watt. The ground-based data, shown in Figure 2-15, shows excellent agree-
ment in predicted and measured values. With the exception of one point, at 4.5 nm
for which the measured value is 4 dB above the predicted value, all points agree within
2 dB. Figure 2-16, illustrating data taken at an altitude of 6000 feet, also shows good
agreement. All data points, again with the exception of one point, fall within 5 dB
of the predicted value. The exception, however, shows nearly a 10 dB difference at
8 nm.

Figures 2-17 through 2-19 show results of data taken on the Circleville, Ohio
beacon facility (CDi),which operates at 366.51 KHz with a measured effective radiated
power of 0.018 watt. The measured data plotted on these figures shows a worst case
disagreement of 8 dB. With the exception of two points, however, all data on the
ground-based measurements and the 3000-foot receiver altitude curve (Figure 2-17
and 2-18) agrees with the predicted value within 4 dB. All data points on the 6000-
foot receiver altitude curve are within 3 dB of the predicted value. A possible explana-
tion for these observations is that, as the frequency has been increased slightly, the
same terrain irregularities are more significant to the propagation wave of smaller
wavelength. Therefore, closer to the earth's surface, the measured data is more
scattered and unpredictable. At increased altitudes, the wave is a sufficient distance
from the surface of the earth that its irregularities do not cause significant effects on
the electric field strength. It can also be noted for this particular case that the noise
levels can be quite significant, since the effective radiated power of this facility is
very low. Therefore, the signal becomes low at relatively short distances, and the
noise interference can cause significant deviation in the measured values.

Figures 2-20 through 2-22 illustrate the correlation between theoretical and
experimental values determined from the Columbus, Ohio beacon (CMH), operating
at 391 KHz with a measured ERP of 9.683 watts. Again, the ground data, shown in
Figure 2-20, exhibits a slightly more scattered distribution than the previous facility
measurements, although it is still fairly well grouped for distances of less than 40 nm,
with the maximum deviation from the predicted value being 6 dB for this range of
distances. The worst case agreement occurs at 56 nm, where the measured signal is
13 dB below that predicted. At great distances, however, the signal level is low
so that noise could be a factor in causing this variation. The majority of measured
values in this set of figures fall below the predicted level, again indicating a possible
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false ERP level determination. This if indeed a possibility in the case of this beacon,
as well as the Cambridge, Ohio beacon since situations dictated that the measurement
to determine ERP be made three months later than the other measurements. All measured
points for the flight data for the Columbus beacon fall below the predicted value, but
agreement is still within 6 dB for all except two points on the curve for a receiver
altitude of 6000 feet. Since this frequency is also high in the range considered, the
terrain irregularities along the propagation path could possibly cause some slight
attenuation. Figure 2-21 also illustrates two data points taken with the DC-3 aircraft.
This data again follows general trends established in data taken with the smaller air-
craft, such as Cherokee or Piper, indicating that the aircraft, even at this frequency,
has little effect on measurements.

The following six figures (Figures 2-23 to 2-28) demonstrate the comparison of theoretical
and experimental data for beacons outside Ohio. They are also arranged in order of in-
creasing frequency, and the altitude is indicated on each graph. In general, the results
reinforce all comments previously made. This data does allow the capability of the model
to predict field strength under conditions of different ground constants to be demonstrated,
but it must be recalled that the ERP of these facilities has not been directly measured
and, therefore, values corresponding to transmitter powers given in FAA Master Radio
Frequency List, RIS AF-6050-12, April 1979 are assumed. A change in ERP results in
simply shifting the predicted curve up or down on the graph since the model is linear.

Comparisons in Figure 2-23 for the Fitchburg, Massachusetts beacon indeed
suggest that this facility is not operating at 0. 536 watt (ERP), but rather at a level 5 or 6
dB below this. Nevertheless, the measured data is regular and the comparisons illustrate
the model's capability to predict field strengths on ground of low conductivity. Of
course, operating at the low power and over this poorly conducting earth, the signal
levels become very low at relatively short distances making measurement at greater
distances impossible due to interference from atmospheric noise. The measured data
presented in Figure 2-23 also illustrates that the measurements can be repeated with
good agreement. Two separate passes flying toward the beacon along the same path
are indicated, and all points on both posses fall very close to the same line (which
agrees well with the theoretical curve shifted downward 5 dB). Also indicated on the
figure is a point taken flying away from the beacon which also agrees well with the
previous two passes. The agreement here suggests that the presence of the aircraft
does not significantly affect measured results, since the measured field strength is not
noticeably different for different aircraft orientation with respect to the beacon. This
can also be considered somewhat of a worst case, since the aircraft used in these
measurements is a DC-3 and is considerably larger than aircraft used in making other
measurements. This fact has been verified in other measurements taken on the Columbus,
Ohio beacon on 6/1/79 also using the DC-3. This set of data, presented in Table 2-2,
was taken at the same point 18.5 nm from the beacon at an altitude of 3000 feet. The
variable here is the aircraft heading which is given in degrees east or north. Under
these conditions, the largest variation seen in all points is 1.4 dB, a difference which
is well within the receiver tolerance and one which could easily be caused by noise
interference.
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Measured Field
Aircraft Heading Strength

( E of N) (a Relative to I I'V/m)

60 48.23

90 48.03

180 48.37

180 (repeated) 48.23

270 49.43

Table 2-2. Effect of Aircraft Orientation on Measured Field Strength
(6/1/79). Altitude - 3000 feet; Aircraft - DC-3; Receiver -
Bendix ADF; 18.5 nm from Columbus, Ohio (CMH) Beacon
(391 KHz).
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Data from an NDB facility also operating at a very low frequency (209.51 KHz)
but located in Stoystown, Pennsylvania is presented in Figure 2-24. Because of improved

ground conductivity in this case, the wave propagates with less attenuation. The measured
data is very regular for distances less than 25 nm, but again the ERP of the facility appears
not to be the 0. 536 watt determined by using the transmitter power shown in the Master

Radio Frequency List, but rather about 10 dB above this value. The drastic attenuation
exhibited in measured data beyond 25 nm could be caused by noise interference or terrain
irregularities in the vicinity, though effects of terrain are unlikely to cause such a change
in measured field strength, particularly at these low frequencies.

Figures 2-25 and 2-26 also illustrate regularity of measured data, but in both
cases the beacon apparently is operating above 0. 536 watt E RP. The Amherst, New
Hampshire beacon (Figure 2-25) appears to be around 9 dB above 0. 536 watt, and the
Brainard, Connecticut beacon (Figure 2-26) is over 15 dB above this value. Figures
2-27 and 2-28, however, give no reason to suggest that the ERP of these facilities
varies significantly from the expected value. The measured data in these cases is
slightly more scattered than the previous data, but in most cases is within 5 dB of the
predicted value. The scattering may be a result of the higher frequency of these
facilities, which means that the wave propagation will be more vulnerable to all
factors affecting wave propagation, such as ground conductivity, irregular terrain,
and large metal structures along the propagation path.

To summarize the results of the previous comparisons, it can be seen that using
the methods suggested here the field strength can, in general, be predicted within
5 dB for 95% of the measurements taken. This statement is made on the basis of data

taken from facilities operating in the frequency range of 233 to 391 KHz on terrain
conditions of southern Ohio, Pennsylvania, Massachusetts, Connecticut, and New
Hampshire. Possible sources of error in the measurement techniques are noise inter-
ference, terrain irregularities which significantly affect wave propagation, and
receiver tolerance. The prediction accuracy is directly dependent upon the accuracy
of the ERP value input to the computer model.

The presence of more irregularities in measurements of higher frequencies also
suggests that these waves, as would be expected, are more affected by terrain ir-
regularities and, in general, to all obstacles of propagation than are the lower
frequencies. Signals of all frequencies at the low level used for NDB's are subject
to noise interference which can significantly alter the signal strength measurement.

It has also been seen that the effective radiated power levels as determined by
using the transmitter power values given in the Master Radio Frequency List are unreliable
and, therefore, cannot be used in comparisons of absolute field strength. As was seen for
all beacons for which ERP measurements were not made, the trend in the data was in agree-
ment but the predicted value appeared to be shifted, sometimes up to 15 dB. The measure-
ments of ERP presented in Table 2-1 indicate thnt a variation of this amount is certainly
possible. Finally, data in Table 2-2 has shown that the presence of the aircraft does not

significantly affect the measured values. Also, the agreement with the predicted values
confirms the insignificance of the aircraft in introducing measurement error at these
frequencies.
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2. Air-Ground Correlation and the Effect of Receiver Altitude on
Measured Field Strength. The previous discussion and its accompanying figures have
illustrated that electric field strength in general can be reliably predicted. The com-
parisons of the theoretical curves with the measured data have been made without regard
for the propagation path of the radio wave, and the agreement of the data in most cases
strongly suggests that terrain irregularities of the magnitude found in the southern Ohio
area do not have significant effects on radio wave propagation in the frequency range
of 200-500 KHz. It does appear that the higher frequencies in this range exhibit more
irregular data, showing that these shorter wavelength waves are more susceptible to
not only terrain irregularities but to all obstacles along the propagation path, as
can be expected.

In this section the feasibility of air-ground field strength correlation will be
investigated and data is presented in Figures 2-29 through 2-31 that demonstrates this
correlation. These figures show results of data taken on the NDB facilities located at
Chillicothe, Ohio (236.51 KHz), Circleville, Ohio (366.51 KHz), and Columbus,
Ohio (391.00 KHz), respectively. The plotted data represents data taken at exactly
the same ground point but at various receiver altitudes, which are indicated by the
appropriate symbol on the figure. Looking first to Figure 2-29, the data illustrated
here suggests that there is a good correlation in air and ground measurements. For
example, when the ground-based measurement is noticeably below the expected value
at 12 nm, the flight data taken at 3500 feet and 7500 feet is also reduced. When the
ground data increased again at 13 nm, flight data at 2500 and 7500 feet also reflects
this change. This change in the ground data could be due to obstacles along the pro-
pagation path, whether by terrain irregularities or some type of metal structure large
enough to affect the wave propagation. But whatever the cause of the var;ation, it is
seen to be noticeable in the flight data as well. There is a trend throughout the entire
range of data taken for this facility, from 2.4 to 18.5 nm, for the ground based data
to demonstrate more irregularities than the airborne data. In other words, as altitude
is increased, the data seems to be more regular and predictable indicating that as the
receiver is elevated above the earth's surface the factors causing the variations in the
data become less important. This can again be expected, since as the receiver moves
away from an obstacle the effect of that obstacle should be less noticeable.

Comparisons made in Figure 2-30 for the Circleville, Ohio beacon lead to the
same conclusions made for the Chillicothe beacon. The frequency here is higher (366.51
KHz) and it appears that all data exhibits more irregularity because of this. However,
the air-ground measurement correlation is still evident when comparing measured field
strength at distances of 7.8 and 9.5 nm. The data at 7.8, 1.1.3 and 13.0 nm also in-
dicates repeatability of ground measurements. As indicated, two separate ground
measurements have been made at each of these points, with agreement between the two
always within 4.1 dB. The ground data for these points has been tabulated in Table 2-3.
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Field Strength
(dB Relative to I pVim)

7 .8nm il. 3 nm 13.1 nm

8/3/79 36.0 42.7 32.0

8/13/79 38.1 39.1] 36.1

Table 2-3. Repeatability of Ground-Based Measurements
Chillicothe, Ohio Beacon.

Figure 2-31 has been prepared using data for the Columbus, Ohio beacon and
again demonstrates that airborne and ground-based data can be correlated. The more
apparent example of this is evident at 20.5 nm where all data, air and ground, is above
the norm for that distance. Again in this figure, though the air-ground correlation is
evident, it is also seen that the higher altitude measurements (7500 feet) are far more
regular and apparently are less affected by propagation obstacles than are the ground-
based measurements. This has already been explained concerning Figure 2-29, but
the irregularities here of ground-based measurements are more noticeable, possibly due
to the higher operating frequency of this facility.

The good agreement between all airborne measurements regardless of altitude
in Figures 2-29 through 2-31 is also illustrated in Tab!es 2-4 through 2-8. The data
presented in these tables has been taken over the same point at various altitudes.
These tables are also arranged in order of increasing frequency for the beacons for
which data of this type was available.

Table 2-4 shows data taken on the Cambridge, Ohio NDB at distances of
14.0 and 16.7 nm for altitudes ranging from 2000 to 7000 feet. All points vary by
not more than 3.7 dB at the 14.0 nm distance and not more than 1.5 dB at a distance
of 16.7 nm from the beacon. This agreement is good, but actually is found to be among
the worst found for all the beacons considered. For instance, Table 2-5 for the Albany,
Ohio facility demonstrates a variation of 0.2 dB for a distance of 3 .5 nm and altitudes
of 2500 to 5500 feet for measurements taken 7/3/79. Also included with some measure-
ments in this table is data regarding repeatability of measured field strength. For four
distances data taken 7/3/79 was repeated as a check on 8/3/79 and for another distance
on 8/8/79. These points show good agreement between the measured data for all dates,
the maximum deviation being 2.3 dB, within tolerance of the receiver. As for effects
of altitude on measurements from this beacon, agreement is within 2.4 dB for all measure-
ments at any distance taken at the same time. Thus these tables show that the effects of
altitude on field strength from NDB's is negligible, and the slight variation illustrated
in the data could be caused by noise interference, as nearly all agreement is within the
tolerance of the standard used to calibrate the receiver, the Fairchild EMC-25 selective
voltmeter.
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Altitude Field Strength Field Strength
14.0 nm from Beacon 16.6 nm from Beacon(Feet) (dB Relative to 1 lJV/m) (dB Relative to I IjV/m)

2000 41.4

2500 41.9

3000 41.9

4000 40.9 42.5

5000 40.9

5500 43.3

6000 40.9

7000 44.6 41.1

Variation -3.7 dB Variation 1.6 dB

Table 2-4. Effect of Receiver Altitude Cambridge, Ohio Beacon
(223.51 KHz). Measurements taken 9/15/79 with
Cherokee equipped with King ADF receiver (distances
are ground track).
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Table 2-6 presents data from the Zanesville, Ohio beacon at distances of
23.0 nm and 28. 1 nm and differences of 2.5 dB are shown in each for altitudes rnging
from 2500 to 7500 feet. Table 2-7 shows results of measurements from the Gallipolis,
Ohio beacon showing variation of field strength with altitude and allows a check on
repeatability of measurements as well. At 5.7 nm from this facility the measured field
strength variation from 1500 to 7500 feet is 2.9 dB, with measurements showing repeat-
ability within 1.2 dB. Checking measurements at 8.0 nm, the largest difference in
the data taken at different times occurs at 7000 feet and is 1.3 dB. Viewing the two
sets of data separately, the 8/8/79 data has an agreement of 1. 5 dB for altitudes from
2000 to 8500 feet, and the 9/15/79 data agrees within 2.7 HB from 2000 to 8000 feet.
Finally, Table 2-8 shows data taken 18.15 nm from the NDB located at Columbus,
Ohio on 7/3/79, which agrees within 2.4 dB for an altitude range from 2500 to 7600
feet. Note that in Tables 2-6 through 2-8, the agreement of the data with altitudes
varying is very good, even though data from these higher frequency beacons has dis-
played more scattering than the beacons operating at lower frequencies. Therefore,
as suggested by Figures 2-29 through 2-31, the factors causing variation in field strength
affect measurements at all altitudes.

The tabular data presented in this section has illustrated tha: receiver altitude
is not a major factor in electric field strength measurements for NDB's. In fact, the
measurements ore well within the receiver tolerance for nearly all cases. The data has
also shown that a correlation does exist between air and ground-based data. When the
measured ground-based field strength measurement is lower than the norm for any given
distance, the flight data reflects this fact alsc. All data taken also demonstrates that
the field strength measurements made in this report are repeatable, which results in
confidence in the measurement technique as well as the conclusions arising from these
measurements. Finally, it is shown by the good agreement (usually within 5 dB)
between airborne measurements and predictions that the presence of the aircraft does
not significantly alter the electric field at these frequencies.
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Altitude Field Strength (dB Relative to I p'V,'hn)o

2.3 nm 28. 1 nm

2500 35.4

3000 57.3

3500 34.2

4500 58.0 34.5

5500 37.1

6000 55.5

6500 36.0

7500 57.3 J 37.3

Table 2-6. Effect of Receiver Altitude Zanesville, Ohio
Beacon (332.00 KHz). Measurements taken
9/15/79 with Cherokee equipped with King
ADF receiver (distances are ground track).
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Altitude Field Strength (dc Relative to I VIV/m) at

5.7 nm 8.0 nm

1500 44.7 44.5

2000 44.1 42.9 42.7 42.7

2500 43.1 42.6

3000 43.1 42.1

3500 42.9 42.3

4000 42.2

4500 41.8

5000 42.9 42.0

5500 45.6 42.6 41.8

6000 42.2 42.1

6500 45.6 42.0 41.8

7000 42.0 40.7

7500 45.8 41.6 41.2

8000 40.0

Date 8/8/79 9/15/79 8/8/79 9/15/79

Table 2-7. Effect of Receiver Altitude Gallipolis, Ohio
Beacon (362.51 KHz). Measurements taken
with Cherokee equipped with King ADF receiver
(distances are ground track).

-28-

I



Altiude id Strengthi (dB Relotive to I 1 /) at
Altiude18.15 nm

2500 49.9

3000 49.1

3500 48.9

4500 49.1

5500 48.9

6500 47.8

7500 50.2

7600 49.5

Table 2-8. Effect of Receiver Altitude Columbus,
Ohio Beacon (j91 K(Ii). Measurements
taken 7/3/79 with Cherokee equipped
with King ADF receiver (distances are
ground track).
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III. PARAMETRIC STiJDY

The basic tlheory used to make grond wave field strength calculations under
various conditions, but neglecting the sky wove, has been detailed in the previous
section, as well as in several of the references mentioned there. The purpose of this
section is to examine the effects of various parameters, such as ground conductivity,
receiver altitude, and earth radius factor used in these caIculatIons. All curves
generated here assume an effective radiated power to 1000 watts to agree with curves
given in the CCIR Report [151. The field strength cornouted isa linear function of
effective radiated power (i.e., a 10 dB decrease in ERP yields a 10 dB decrease in
calculated field strength at any given distance). Conductivity of soii at VLF in
various geographical locations in the United States is available [12) and methods for
measuring this conductivity have also been discussed [16]. Relative permittivity of
soil is readily available from many standard tables [4J, and receiver altitude is
available from the aircraft altimeter. The final parameter under investigation,
effective earth radius, will be discussed in qreater deail later in this section. How-
ever, here the concern is only witr the effect of these parameters on the radio wave
as they affect relicble and accurate field strength prediction, and not with the deter-
mination of these ground constant in ,adoi~Js geographical locations or measurement of
the other parameters involved.

To this end, Figures 3-1 through 3-4 demonstrate the effect of ground con-
ductivity on the radio wave propagation. Thesr, curves essentially reproduce the
curves pub)lshed by the CCIR [15, 17Jand a-e those used as a basis for FAA coverage
range prediction of NDB's n3j. These four figures assume the receiver and transmitter
are located on the earth's surface, a reiative perittiv.' of 4.0, and an effective
earth rad!Is of 1.0, The effects of these pnrameters will i~e investigated in the folloN.-
ing paragraphs. Figure 3-1 shows coarrjxred fieid stren-th for an earth cotnductivity
of 0.001 mhos/meter. This set of ground constants is nomolly chosen to model desert.
As is evident by comparing these four figures, this low-ground conductivity is quite
detrimental to ground-wave oropagation ard has a similar effect on all frequencies
considered here. As is illustrated by all curves in this section, a lower frequency
wave propagates better than a higher frequency wave under the same conditions.
This, of course, is to be expected since all models considered here place the receiver
and transmitter in the vicinity of the earth and the earth itself presents a smaller
obstacle, in terms of wavelengths, to a lower frequency wave than a wave of higher
frequency. Figures 3-2, 3-3 and 3-4 demoostrate that propagation improves as ground
conductivity increases. Figure 3-4 ( o= 0.03 mhos/rneter) is often used as a model
of ground of "good" conductivity, while Figure 3-3 (o c- 0.01 mhos/meter) is usually
considered "medium" ground. Figure 3-5 i, presented as a demonstration of radio wave
propagation over sea water. Note that the permittivitY Fere has been changed to
80.0, that of normal sea water, so rcr comparkor, with the previous four curves is
intended. It is presented for c~onpteteness ('nd Wil1 be uFEd in later comparisons.

Since Figure 3-3 (a = 01 rnhos/meter, 4 .01 represents medium or average
ground conductivity, it ha-! been arb: rarIly chosen c', a teference against which effects
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of all other parameters can be compared. Thus, Figures 3-6 through 3-12 show the
effect of the relative permittivity of the ground along the propagation path on the
radio waves propagation. By comparing Figures 3-6 through 3-8 with Figure 3-3,
we can see that the relative permittivity of the ground is of little importance in
field strength calculations for medium soil conductivities at these frequencies.
Figures 3-6 and 3-7, with a relative permittivity of 1.0 and 10.0 respectively,
are virtually indistinguishable from our reference, Figure 3-3, with a relative per-
mittivity of 4.0. Figure 3-8 (er = 100.) shows slightly more attenuation than Figure
3-3, especially at the higher frequencies, but the difference is certainly not significant
since the curves are all within I dB at all frequencies and distances shown. Figures
3-9 and 3-10, compared to Figure 3-1, show effects of relative permittivity on
ground wave propagation over ground of poor conductivity (a = 0.001 mhos/meter),
illustrating field strengths for relative permittivities of 1 and 100, respectively.
Again, no major effects are demonstrated for the lower frequency curves, although
the effect here is greater for higher frequencies than that for medium ground con-
ductivity. Figure 3-9, with a relative permittivity of 1.0, shows field strengths
which are indistinguishable from those of Figure 3-1 (er of 4.0). However, Figure
3-10, with a relative permittivity of 100, shows variations in field strength of up
to 2 dB for 200 KHz waves out to a distance of 300 nm. At 500 KHz, the variation
is as large as 8 dB at 100 nm. However, a relative permittivity of 100 is obviously
not a practical value and, therefore, the differences here are of little importance
in that respect. The value of 100 is used here as an example of on extreme case
and will never be encountered in practice. Figures 3-11 and 3-12 also show virtually
no variation with relative permittivity when a propagation path of ground conductivity
of that of sea water is considered. Curves for e of 1, 80 and 100 (Figures 3-11, 3-5,
3-12, respectively) are essentially identical and, therefore, one can conclude that
relative permittivity under these conditions of ground conductivity is not an important
parameter. In general, conclusions that can be drawn from these comparisons are
that relative permittivity has more significant effect on wave propagation at higher
frequencies and for propagation paths of lower ground conductivity. However, variation
over practical values of relative permittivity does not significantly alter field strength
and, therefore, the average values of relative permittivity of soil and sea water of
4.0 and 80. are considered to be adequate for use in this study. This is particularly
true for NDB's, since their coverage range is usually limited to 100 nm or less.

Figures 3-13 and 3-14 show the computed electric field strength when the
transmitter is on the earth's surface and the receiver is elevated 10,00 and 20,000
feet, respectively. It can be seen here that the effect of raising the receiver may
initially seem surprising, since the field strength shown in Figure 3-13 for the receiver
at 10,000 feet is actually slightly lower than that computed with the receiver placed
on the ground. Also contrary to intuition is the fact that the difference in the lower
frequency curves are slightly more noticeable than that of the 500 KHz curve. Since
at 10,000 feet the receiver of 500 KHz is a greater number of wavelengths away from
the earth's surface, it would seem that the higher frequencies should be affected more
by the change in altitude. Though this difference is less than 2 dB over the entire
frequency range and distance ranges covered, the reason for this difference is explain-
able. This phenomena is considered by Wait [18] where the theoretical height-gain
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functions are given in terms of Airy functions, since the geometry of the problem is
spherical and can be computed numerically in this form or expanded into a power series.
The results of Wait's calculations show that the field strength should indeed increase as
the receiver altitude increases for ground of infinite conductivity. However, when
finitely conducting earth is considered, the height-gain function of the receiving antenna
decreases slightly for relatively low (a few wavelengths) heights, and it appears that this
effect is greater at lower frequencies.

As the receiver altitude is increased further, however, the earth becomes less
of an obstacle and the height-gain function increases (up to a height of 40-45 km,
according to Wait's computations). As the height is increased, intuitively again the
higher frequencies should be affected more than the lower frequencies. This time,
this intuitive supposition is borne out, both by Wait's calculations and by comparison
of Figure 3-14 with Figure 3-3. In making this comparison, it is noted that the field
strength computed for the curve of 200 KHz is not noticeably different in these two
figures. However, as higher frequencies are considered, the differences in these figures
become more apparent. At 400 KHz, differences of 2 dB can be seen. Even more
difference (5 dB) can be noted in the 500 KHz curves. Further increases in altitude,
up to around 40 km, should yield further increases in electric field strength. Higher
altitude curves are not shown here, as it was felt that 20,000 feet was more than
sufficient as a practical limit of NDB usage.

The final parameter under investigation in this section is the effective earth
radlus (also referred to as the earth radius factor or equivalent earth radius). The
equivalent earth radius concept has been used by many authors [18,19,20] to account
for effects of the troposphere on the radio wave. These effects differ from those of the
ionosphere in that the troposphere causes a refraction of the wave due to the unequal
density of the air in the lower atmosphere at different heights, whereas the wave is
reflected from the ionosphere, due to the free electroncs, or ionization, present in
the upper atmosphere. This concept has been justified by Bremmer [19] using the
theory of geometrical optics and has also been verified by Wait [18) and Fock (20)
in a more rigorous development.

If the equivalent earth radius is defined as ae 
= aa where a is the actual earth

radius and ais the effective earth radius factor, then acan be expressed in terms of
the water vapor pressure e in millibars, the water vapor pressure gradient with respect
to height h above the earth's surface, and the temperature gradient with respect to h.
Bremmer has expressed the effective earth radius as:

ae dT dt
e 0.766 - (0.068a + 0.00237 e) d + 0.306 (3.1)

where the unit of h in each case is 100 m and T is expressed in degree celsius.

To obtain this usable form several approximations about the lower atmosphere

were necessary. However, these approximations will very likely not cause any error
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greater than the uncertainty with which the values on the right hand side of Equation
(3.1) are known due to inaccuracies in measurement as well as variation of the values
along the propagation path. A value often used for the effective earth radius factor
is 4/3, as this value of a is computed from Equation (3.1) at average atmospheric values.
Though ais usually greater than 1, it is clear from Equation (3.1) that this is not always
the case. Therefore, we see that a can vary with atmospheric conditions much the same
as the ionization levels in the upper atmosphere can vary. However, it should be pointed
out that the variation of a is usually considered to be not nearly as great in effect as the
variation in ionospheric conditions.

The effect of a value of aof 4/3 would, of course, improve ground wave pro-
pagation of the radio wave since this effectually reduces the curvature of the earth.
This specifically can have the effect of moving points which are actually in the shadow
region closer to the radio horizon. Also, the wave suffers less attenuation when travers-
ing a surface of less curvature, thus increasing field strength when values of agreater
than 1 are present. These effects are illustrated for desert, medium ground, and sea
water in Figures 3-5, 3-16, 3-17, respectively. As is evident when comparing these
figures with Figures 3-1, 3-3, and 3-5, the effective earth radius of 4/3 significantly
improves radio wave propagation over all types of earth. The improvement does vary
with the soil conductivity, as shown by this comparison.

For soil of poor conductivity (Figures 3-1 and 3-15) the differences in the two
figures become significant at distances greater than 100 nautical miles (nm). At ranges
closer than this, the computed field strength at each of the frequencies are nearly
identical. The higher frequencies are apparently more affected by the increase in a
than are the lower frequencies. This again is to be expected since the change in the
earth's curvature is comparatively greater to waves of smaller wavelength. Thus at
200 nm the 200 KHz wave with an aof 4/3 is approximately I dB above that using

an aof 1 in the calculationand for 500 KHz the field strength amplitude has increased
between 3 and 4 dB. The differences in all curves increase as distance is increased.
The same trends are also true for different types of ground as shown by comparison of
the remaining figures. However, the differences are less noticeable for ground of
medium conductivity, as in comparing Figures 3-3 and 3-16 it can be seen that ot
200 nm there is only roughly a 1 dB difference in the curves of all frequencies. Again,
as distance is increased the effective earth radius has more effect on the propagation.

Therefore, to summarize the effects of all parameters studied in this section,
the conclusion is that ground conductivity has by far the most effect on ground wave
propagation in the frequency range of 200-500 KHz. For instance, comparison of
Figures 3-1 and 3-4showsthat a change in ground conductivity from 0. 0010 mhos/
meter to 0.0300 mhos/meter results in a 14 dB increase in field strength at 100 nm for
a frequency of 200 KHz. At 500 KHz for the same ground constants and distance, a
change of 22 dB in field strength is seen, illustrating also that higher frequencies are
affected more by ground conductivity. Radio wave propagation is not affected signifi-
cantly by changes in relative permittivity and, therefore, typical, average values can
be used to make field strength calculations without fear of any meaningful error in the
results. The effect of the receiver altitude, within the range considered here, is more
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significant than changes in relative permlittivity. At 500 KHz this difference is as
much as 3 dB at 100 nm and 5 dB at 200 nm when comparing the receiver on the ground
and at 20,000 feet. It should be remembered, however, that the model used to make
these calculations assumes a perfectly smooth earth. Effects of irregular terrain are
not included in the solution and these effects may be more significant as the receiver
is brought nearer the earth's surface. Varying the effective earth radius from 1 to

4/3 also produces significant differences in field strength computation at all frequencies
and over all types of propagation paths, especially at great distances. Comparisons at
300 nm and 200 KHz show a difference in field strength of 3 dB for propagation over
desert conditions and 2 dB over medium earth and sea water. For 500 KHz differences
of 7 dB for desert conditions, 7 dB for medium earth, and 2 dB for sea water conditions
at 300 nm can result. However, comparison of the curves presented here shows that
effects of the receiver altitude and effective earth radius become less significant at
shorter distances. Therefore, the implication of these findings to non-directional
beacons, whose coverage range is usually limited to 100 nm or less, is that the effective
earth radius and receiver altitude are not important parameters unless one is consider-
ing potential interference from distant transmitters.
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IV. SKY WAVE PROPAGATION

The previous two sections have dealt with the propagation of radio waves
assuming a smooth, homogeneous, finitely conducting earth and a homogeneous atmo-
sphere. The theoretical computation of wave propagation made under these restraints
is usually adequate to describe the propagation mechanism at short distances (less than
300 Km in daytime and 100 Km at night) provided that the propagation path does not
deviate considerably from the other assumptions made. Obviously, in reality none of
the above assumptions are totally correct in any practical situation, but are made to
simplify the propagation model in the interest of time and economy of computation.
Data generated under these assumptions is in many cases quite useful as has been seen.
However, as distance increases the assumptions become increasingly erroneous. In
this section the implication of assuming a homogeneous atmosphere will be reviewed,
and a method of computation to allow effects of an inhomogeneous atmosphere to be
investigated will be discussed. The next section will deal with the assumption of a
smooth, homogeneous earth and the necessary adjustments or modifications required to
compute field strength over an irregular, inhomogeneous propagation path.

A. Modeling Sky Wave Effects. By assuming a homogeneous atmosphere as
in the previous two sections, the models allowed the waves well above the radio horizon
to travel indefinitely in their original direction, thereby having no effect whatsoever
on the field strength in the vicinity of the earthss surface. In actuality, the atmosphere
is not a homogeneous medium but rather the ionization of the molecules which make up
the atmosphere varies. This variation is a complex function of many variables making
exact prediction of the ionization levels of the atmosphere impossible. However,
variation of this atmospheric makeup can be related to some of the major variables
involved such as height, time of day, and season and modeled with sufficient accuracy
to generally determine effects of an inhomogeneous atmosphere on radio wave propagation
for the frequencies at which we are Interested.

The effect that this inhomogeneous atmosphere has on the propagated wave can
be modeled as a reflection from a concentric sphere around the earth of radius a + h,
with a being the radius of the earth. The geometry of the wave hop propagation model
is shown in Figure 4-1.

T[01

2 Reflection
' I- h Height

Trans. Re.-" Earth's Surface

Figure 4-1. Sky Wave Propagation Model.
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Since the effect on wave propagation is primarily due to the inhomogeneity in
the upper atmosphere, or ionosphere, this type of radio wave propagation is referred
to as ionospheric wove propagation. In actuality, of course, the atmosphere cannot
be labeled as distinctly as may be suggested by Figure 4-1. The variation in ionization,
in general, does not abruptly change at a certain height h above the earth's surface.
For instance, Wait 121] has presented methods for calculating these ionospheric reflection
coefficients for an exponentially varying isotropic ionosphere. However, the effects
of the ionosphere can be reduced to the effects of a concentric sphere of radius a + h
and possessing a reflection coefficient matrix T []. This reflection coefficient matrix
is defined as:

ee me ie
E T m_ .T

r m em ,m (4.1)

where subscripts r and i indicate reflected or incident electric field, respectively,
and subscripts e and m denote vertical or horizontal polarization of the electric field,
respectively. As indicated, the values of the reflection coefficients are functions of
the angle of incidence of the wave on the ionospheric reflection height.

At the low frequencies that are of interest, this model can be successfully used.
However, it can be intuitively seen that the model may become less applicable to higher
frequencies. At the low frequencies with long wavelengths, the atmospheric ionization
may change considerably over a height differential of one wavelength. Therefore, the
ionosphere may closely resemble the sharply bounded concentric sphere that has been
assumed. As the frequency is increased, this change in ionization will not be as
noticeable over a one wavelength height differential. So again, as in the case of
ground wave propagation in Section 1i, a change in models for the sky wave may be
necessary for reliable propagation prediction at different radio frequencies. However,
the model suggested in Figure 4-1 has been found to yield acceptable results over the
frequency range of our interest (200-500 KHz), although the actual method of computation
of field strength may vary depending upon the angle of incidence of the wave on the
effective reflection height h.

L. A. Berry has developed a computer model to predict electric field strength
due to both the ground wave and sky wave components [1. Some of the assumptions
used in this model are discussed briefly here. More complete documentation of the
formulas used in this model has been presented by Berry and Herman 122]. In LFSNR,
empirical ionospheric reflection coefficients from CCIR Report 265 [233 have been in-
corporated into the data base. Being empirical data, these reflection coefficients
represent average values, but by incorporating them in the program the need for in-
putting ionospheric data, such as ionization levels or electron density profiles, is
eliminated. Also, in LFSNR, the elements of the T [1] matrix Tem and Tme have
been set equal to zero. These cross-polarization coefficients are not available from
the CCIR Report 265 as empirical data, and the electric field computation is simplified
somewhat by assuming they are zero. Physically this assumption is equivalent to ignoring
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the effects of the magnetic field of the earth, so propagation will not be a function of
azimuth direction of propagation from the source. Wait [24) has presented the effects
of the earth's magnetic field at VLF (very low frequencies). For radio waves in the VLF
range, radio wave propagation is enhanced for propagation from east to west and attenuated
for propagation from west to east due to effects of the eorth's magnetic field. However,
the effect is only significant for magnetic latitudes less than 20 degrees 1 ]. Maps
of magnetic latitude indicate that all of the continental United States is above a magnetic
latitude [25] of 50*N and, therefore, the earth's magnetic field will have negligible
effects on the propagating wave.

Since the sky wave becomes significant only at relatively large distances,
LFSNR has provision for calculating the ground wave with only the residue series (see
Section ii). The electric field components of the significant sky wave hops are then
added in phase to the ground wave component to obtain the total field. LFSNR uses
geometrical optics to compute the sky wave at short distances, numerical integration
techniques along the ray path at medium distances, and a residue series at long distances.
As previously mentioned, all formulas used, as well as notes on computer implementation
of these procedures, are documented in Berry and Herman [2].

B. Sky Wave Interference Study. The curves generated in this section show
the effects tne sky wave component has on the total electric field as a function of
distance, time of day, month of the year, and for various ground constants. Since
our major interest in this report deals with navigational NDB's, some typical values
of these facilities have been chosen to determine possible adjacent-channel or co-
channel interference due to the sky wave. All curves assume an earth radius factor
of 1. As mentioned earlier, most of the more recent literature suggests using an earth
radius factor of 4/3, but the effect of the sky wave can be demonstrated here regard-
less. The choice of an earth radius factor of I is made to allow comparison with
existing FAA (6050. 10) and CCIR (1959 and 1970) curves presently in use.

As mentioned, the purpose of this study is to determine whether or not sky
waves will affect the total electric field at any time to create significant interference
with adjacent-channel or co-channel beacons. Interference due to sky wave is
possible since geographical separation of NDB's is usually determined according to
the ground wave field strength. The specifications of the coverage range of an NDB
is that area over which the field strength of that particular beacon is 70 P.V/m or greater.
Similarly, the interference range of a beacon is defined as the area inside which the
field strength of that beacon is 12.5 pIV/'m or greater. Therefore, any beacon site
must be located at a point such that ils interference range does not overlap with the
range of any other NDB, and its coverage range is not co-existent at any point with
the interference range of any other NDB. Thus the signal from any co-channel NDB
within the coverage range of a given NDB under normal conditions is to be 15 dB or
more below that of the original NDB. However, since the monitor alarm on most
NDB facilities is not activated until the power output of the facility is at one-half
its normal value, a difference in the signals from the desired beacon and an interfering
beacon of 12 dB is all that is insured. In addition to geographical separation as a means
of insuring that NDB interference is not encountered, FAA specifications allow receiver
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selectivity, or rejection of adjacent channel signals to be considered in NDB -, hng.

The rejection provided by the receiver is given in FAA Handbook 6050.10 and is
reproduced here in Table 4-1. Thus protection of a given beacon from an adjacent
channel beacon can be provided by receiver rejection as well as geographical separation.
The combiration of these two means of eliminating adjacent channel interference
must result in a signal of 15 dB or more higher for the beacon everywhere in its coverage
range than the signals from surrounding beacons.

As a means of examining the effects of the sky wave to determine a possibility
of interference, program LFSNR has been utilized to generate data under various
conditions which may be encountered by non-directional beacons. This data has beer
plotted and is presented in this section. As indicated, in each curve an effective
radiated power of 10 watts has been assumed. Although this value is greater than the
ERP of all NDB facilities in this report, its assumption is not restrictive, since the model
is completely linear in its calculation of field strength and, therefore, a simple shift
of the curve is all that is necessary to apply the curves presented here to a facility of
any particular ERP. Each curve also indicates the ground wave component of the total
electric field with a dashed line so that effects of the sky wave will be readily as-
certained. All data generated here is for the extremes in our frequency range under
consideration (200 and 500 KHz) as the sky wave effects of intermediate frequencies
are of a similar nature as effects present for these frequencies. All other information
used by the model, such as ground constants, time of day, and sun spot activity, is
given with each figure.

Figures 4-2 through 4-6 indicate the effects of the sky wave on a beacon
operating at 200 KHz. The ground constants used correspond to what is usually con-
sidered ground of medium conductivity and each figure shows the amplitude of
electric field strength as a function of distance for various times of day and season.
Clearly the effects at night are the most severe of all conditions. It should be noted
here that this computer model uses the same ionospheric reflection coefticients for
all nighttime calculations regardless of the season. The reason for this is that the

seasonal variation of ionospheric makeup is much less at nighttime than it is in the
day. This fact has been reported by Kenneth Davies in Ionospheric Radio Propagation
(26]. In measuring electron density profiles for three different geographical locations,
the variation of the profiles at midnight for all three locations is considerably less
than the variation at noon.

The caption for these figures also indicates that this data was generated by
program LFSNR for conditions of maximum sun spot activity. LFSNR has provision
to choose different sets of ionospheric reflection coefficients for maximum and minimum

sun spot activity. fhese coefficients are, of course, empirical and are obtained from
the same reference sited earlier (CCIR Report 265 [23]). The solar cycle has demonstrated
periodicity with a cycle time of lasting approximately 11 years [27). As we will see
later, the solar cycle has noticeable, but not major, effects on radio wave propagation
in the frequency range of 200-500 KHz. Generally a more important consequence of
the solar cycle at these frequencies is its effect on atmospheric noise and, therefore,
on the signal-to-noise ratio for NDB signals.
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Frequency Off-Set Receiver Rejection
From Desired Signal

I KHZ 0 db

2 KHZ I1dB

3 KHz 12 dB

4 KHz 28 dB

5 KHz 404d

6 KHz 50 dB

Table 4-1. Adjacent Channel Receiver Rejection [19].
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As can be seen by observing Figures 4-2 through 4-6, the effects of the ionospheric
wave on the 200 KHz signal are most prominent at night. At this time the conditions in
the ionosphere are such that the maximum reflection of the electromagnetic wave occurs.
Therefore, more hops of the sky wave become significant at any given distance and the
constructive and destructive interference of these hop contributions lead to irregular
field strength as illustrated in Figures 4-2 and 4-6. It should be pointed out here that
if experimental measurements of field strength were made at distances great enough
for the sky wave effects to become significant, the graphs shown here do not intend to
suggest that this exact variation of field strength would occur. In other words, the
calculations used by the model assume statistically average values in determining
ionospheric reflection coefficients for the particular season and time of day under
consideration. The figures in this section merely indicate field strength variation for
these average conditions. Perhaps a more useful or meaningful computation would be
one that could set upper and lower limits on the field strength at a given distance
such that the actual measured field strength under the circumstances specified would
be within those limits a certain percentage of the time. However, since this is an
introduction to ionospheric effects, such a study has not been made. It is felt that
the accompanying curves sufficiently illustrate ionospheric effects for the purposes of
this report. Keeping these effects in mind, it is evident that next to nighttime the
interference to the ground wave component is most severe on winter days (Figure 4-3).
Here the effects of the ionosphere are not as significant at larger distances as they are
at night, but certainly are more noticeable than at summer or equinox conditions
(Figures 4-4 and 4-5, respectively). As a rough method for comparison of the effects
of various seasons and times of day, the distances on each of the curves where the
ionospheric wave causes the field strength to vary from the ground wave component
by 3 dB can be noted. Figure 4-2 shows that this distance could be 110 nm for night-
time conditions. In the daytime, in winter, the first 3 dB variation occurs around
240 nm, in summer at 800 nm, and at equinox this distance would be around 530 nm.

Figures 4-7 through 4-11 illustrate the effects of the ionosphere on the wave
propagation of 500 KHz under the same conditions as Figures 4-2 through 4-6 for
200 KHz. The general conclusions that can be drawn are very much the same as
for the 200 KHz curves. However, the differences between the ground wave com-
ponent and the total field appears to be slightly greater for the 500 KHz wave, since
the ground wave in this case is attenuated at a faster rate for the higher frequencies.
Nevertheless, the nighttime effects are clearly the most significant, followed by
winter, equinox, and summer days as is the case with the 200 KHz curves. Again,
Figures 4-7 and 4-11 show identical curves since the model assumes all nighttime
coefficients are equal without regard for season. In terms of the 3 dB variation of
the total field from the ground wave, the approximate distances at 500 KHz are as
follows: nighttime - 110 nm; winter day - 200 nm; summer day - 440 nm; and equinox
day - 320 nm. Thus it can be seen by comparing these distances with those from the
200 KHz curves that since the 500 KHz ground wave component is at a much lower level
at larger distances than that of 200 KHz, the sky wave becomes more significant at
500 KHz.
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The next set of Figures (4-12 through 4-15) have been generated for the same
conditions as Figures 4-2 through 4-6 with the exception that Figures 4-12 through 4-15
assume a minimum in the sun spot cycle in the sky wave calculations. Note that the
figure for conditions of summer night has been omitted here since all nighttime cal-
culations assume identical ionospheric reflection coefficients and, therefore, all night-
time propagation curves for a given set of ground constants and time periods will be
identical. A comparison of Figures 4-2 and 4-12 shows that during the minimum of
the sun spot cycle, the ionospheric wave is slightly less prevalent at nighttime conditions.
Figure 4-12 shows that the wave propagation is definite!y affected more at night than
under any other conditions for the minimum sun spot cycle as well, but this effect is
not quite as evident as for the maximum sun spot cycle. The 3 dB variation for nighttime
at a minimum in the sun spot cycle is around 150 nm as compared to the 110 nm found
for a maximum sun spot cycle. Comparing Figure 4-13 with Figure 4-3, we see that
here also the propagated wave is less affected by the ionosphere during the period of
minimum sun spot cycle for winter day also. The 3 dB variation in Figure 4-13 is at
300 nm. This compared with 240 nm in Figure 4-3. For summer days, Figure 4-14
shows the field strength computed for minimum sun spot cycles, as compared to the
maximum sun spot cycles shown in Figure 4-4. As is evident, the 3 dB point is still
around 800 nm but beyond that point the curve for minimum sun spot cycles is affected
slightly more by the sky wave. This is apparently due to the relative phasing of the
components of the ground wave and the various hops as they are added in the calculation.
The equinox curves (Figures 4-5 and 4-15) illustrate that wave propagation at minimum
sun spot cycles is also affected slightly more by the ionosphere than under conditions
of maximum sun spot cycles at this time. The computed curves of total electric field
are similar with the exception of a sharp relative minima at 530 nm in Figure 4-15,
but even at shorter distances, more sky wave interference is noticeable. This is verified
by the fact that the first 3 dB variation occurs at 400 nm for the minimum sun spot cycle,
as compared to 530 nm for the maximum cycle. Summarizing the results of the comparison
of these four figures, it can be said that the sky wave component under the worst cases
(nighttime and winter day) causes slightly less interference with the ground wave com-
ponent at the minimum sun spot cycle than at maximum sun spot cycles. At summer and
equinox day times, sky wave effects appear to be slightly more evident for minimum
sun spot cycles. The major difference '-. noticeable in the equinox curves, when
conditions are the most unstable, due to relatively large variations in the weather
at these periods of time. Therefore, the significant changes in the field strength cal-
culations for these curves cannot be directly attributed to the changes in the sun spot
cycle, but rather to inherent variations in the ionospheric makeup during the equinox
period. These variations could easily have accounted for the slightly different iono-
spheric reflection coefficients measured at this time and used- in program LFSNR's
calculation.

Figures 4-16 through 4-19 are included to show effects of the sun spot cycle on
500 KHz wave propagation. To determine these effects, they can be compared with
Figures 4-7 through 4-10. The conclusions that may be drawn from this comparison are
almost the same as those drawn when comparing the 200 KHz curves. Again, the night-
time curve demonstrates slightly less sky wave effect under conditions of minimum sun
spot cycle. The same is true for the winter day (Figure 4-17), and in the case also for
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summer day (Figure 4-18). Comparison of the 500 KHz equinox curves also gives us
the some information as the 200 KHz curves. Here Figure 4-19, the minimum sun spot
cycle, has a sharp minimum at 380 nm; but aside from this, the sky wave effects are
no more prevalent for minimum than for the maximum sun spot cycles. Evaluation of
these figures to obtain the 3 dB variation reveals that for nighttime the first 3 dB
variation occurs at 110 nm, for winter day at 200 nm, summer day at 550 nm, and
equinox day at 340 nm.

Now that the effects of an inhomogeneous ionosphere on radio wave propagation
have been demonstrated for 200 and 500 KHz on average ground conditions, it may be
well to consider briefly the physical significance of the variations in electric field
strength shown in the figures in this section. Of course, it is clear that these variations
are caused by the various hops contributing to the total field by adding as phasors to
the ground wave component, sometimes providing constructive interference and
sometimes destructive interference. Perhaps by examining some of the curves in more
detail a physical explanation for the phenomena illustrated will be possible. Since
the output of program LFSNR includes the separate contribution of each hop, the dis-
tances at which any given hop makes a significant contribution can be determined.

Since the major effect of the sky wave is apparent at night and on winter days,
an examination of Figures 4-2, 4-3, 4-7 and 4-8 will be made here. Beginning with
Figure 4-2, the output of LFSNR from which this plot was generated indicates that the
first hop of the sky wave component is equal in magnitude to the ground wave component
at around 290 nm. Also at shorter distances the major fluctuations in field strength are
due to the first hop wave, since all other hops are at least 10 dB below the first hop in
amplitude. This first hop adding to the ground wave causes variations of 6 to 8 dB in
field strength between 290 and 500 nm. At this distance, however, the ground wave
is becoming insignificant in the total electric field and the first sky wave hop is the
major contributor to the total field. The irregularities between 500 and 1300 nm are
caused by the interaction of the first and second hops of the sky wave. At roughly
1300 nm the amplitude of these two components is equal and, therefore, the very
irregular curve at this distance results. At the limit of the model, at 1800 or 1900 nm,
the second hop becomes the major factor in the total field strength, surpassing the first
hop in amplitude. Beyond this point, the variations in total field strength are caused
by interactions of the second hop with both the first hop and the third hop. The first
hop is attenuated rapidly and is about 10 dB below the second hop at around 2200 nm.
This attenuation can be expected upon consideration in Figure 4-2, since the calculation
point at large distances is moving into the shadow region for the first hop wave. Toward
the end of the computation, the third hop is becoming significant and is causing further
interference with the second hop.

Much the same comments can be made concerning Figure 4-3. However, since
the sky wave is slightly less significant, the distances at which the various hops become
significant are greater. For instance, the distance at which the amplitude of the first
hop sky wave term exceeds the ground wave component is nearly 400 nm. From this
point on some phasor additions of the first and second hops result in the variation of
the electric field out to 1800 nm, where the second hop sky wave term exceeds the
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first. From 1800 nm to the end of the calculation the second hop is the significant
contributor to total electric field.

Figures 4-7 and 4-8 reinforce the statements previously mode in this regard for
the 200 KHz curves. However, since the higher frequency ground wave component has
more attenuation, the sky wave components in general make up more of the total field
at a given distance. In Figure 4-7 the first hop of the sky wave is equal to the ground
wave term at 200 nm where it makes the major contribution to the electric field out
to around 1300 nm, at which point the second hop is equal in magnitude to the first
hop term. At 1300 nm, the interference between these two components is evident
in the figure as their phases are changing with respect to one another. Beyond this
point the first hop component is quickly attenuated when moving into its shadow region
and the second hop takes over. Figure 4-8 is similar to Figure 4-7, but again in day-
time the sky wave has a little less effect so the distances at which the first hop equals
the ground wave component is greater. This distance is, in fact, 300 nm and the second
hop effects are evident at the very end of the calculation at around 1300 nm where its
interference with the first hop is just beginning.

Some general comments concerning the physical significance illustrated by
these curves can now be made. Again referring to Figure 4-8, and keeping in mind
the model used in Figure 4-1, the somewhat drastic variations in field strength at
distances less than 400 nm can be expected as the first hop phase changes very slowly
(compared with the ground wave) for a movement of a given distance along the earth's
surface. Then as one moves away from the transmitter the angle at which the first hop
strikes the earth's surface approaches grazing. Therefore, the phase of the sky wave
changes at about the some rate as the ground wave, since a change in distance along
the earth's surface is basically a movement parallel to the direction of propagation.
This accounts for the relatively smooth curve in Figure 4-8 between 500 and 1200 nm.
This smooth portion of the curve is evident to varying degrees in all these curves,
depending upon the distances at which the multiple hops begin interfering with the
first hop. As distance from the transmitter is further increased, the calculation point
moves into the shadow area and the first hop becomes insignificant compared to the total
field. For the second hop the process repeats in a similar manner, except that as dis-
tances increase additional hops can become significant, so it is possible to have any
number of hops contributing to the field at any given time. This is the case at large
distances in Figure 4-2, where the second and third hops both are strong enough to
provide noticeable contributions to the total field. This, of course, results in the
large fluctuations at distances around 2000 nm.

The final four curves in this section are included to illustrate the effects of
the sky wave over different propagation media. Since all previous figures illustrated
that conditions of nighttime and a maximum sun spot cycle resulted in the most
significant effect of the sky wave, those conditions have been used here. Figure
4-20 shows the total electric field as well as the ground wave component for propagation
over ground with a conductivity of 0.001 mhos/meter and a relative permittivity of
4.0, the ground constants normally used to model desert. The basic differences in
these two conditions, of course, are that of the more serious attenuation of the ground
wave over this ground of low conductivity and the change in the reflection off the
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gr,3und of the multiple hop components. Thus it can be seen that since the ground wave
provides less signal strength, the sky wave is more significant under these conditions.
While the field strength levels are lower for oil distances, differences between the
total field and the ground wave component are greater. The first hop equals the ground
wave in amplitude at a distance of 150 nm. The second hop effects are noticeable at
around 800 nm, and the second hop amplitude is equal to the first at 1300 nm.

Figure 4-21 shows !,ky wave propagation at 200 KHz over sea water. These
conditions allow the ground wave to achieve greater distances and, therefore, the
total field strength is high. The irregular field strength curve also is indicative of
the multiple hop ionospheric waves reflecting well not only off the ionosphere, since
nighttime conditions are present, but off the surface of the sea water as well since its
conductivity is greater than soil. This effect is apparent from the interference that
the first hop receives from the second at distances between 400 and 1200 nm, as well
as at distances beyond 1300 nm where the third and fourth hops are providing inter-
ference to the second hop.

Figures 4-22 and 4-23 illustrate the same effects as Figures 4-20 and 4-21,
respectively, for a frequency of 500 KHz. Figure 4-21 shows that the sky wave effects
for desert are similar to the effects on medium earth, but the sky wave is much more
significant because of the attenuation of the ground wave over the poorly conducting
earth. Again in Figure 4-23 the sea water propagation path is conducive to wave
propagation of multiple hops since the surface of the sea water provides better re-
flection than that of the earth.

In an attempt to make this sky wave interference study more quantitative, the
figures illustrated and referred to in this section will be utilized to determine the possibility
of interference from the sky wave of co-channel beacons geographically separated by a
distance conforming to the specifications given in FAA Handbook 6050.10 when only
the ground wave is considered. The linearity of the model will be used to determine
the possibility of interference for beacons of different power outputs. Although it is
evident that the most significant interference will occur at night, the other times of
day and season will also b considered in order to quantitatively compare these sky
wave effects.

The procedure followed in determining the possibility of co-channel inter-
Ference is briefly outlined here. First, the coverage radius and interference radius
of the beacons in question will be determined from the ground wave component in
each of the figures. The beacons will then be assumed to be geographically separated
from the minimum distance required so that their respective coverage areas and inter-
ference areas do not overlap when the ground wave only is considered. These minimum
distances, along with the corresponding coverage and interference radii, for the various
ground constants at 200 KHz are given in Table 4-2 and at 500 KHz in Table 4-3.
Next, the sky wave components will be considered and the interference created by the
sky wave will be determined from the figures. This involves connecting the relative
minima in the vicinity of the coverage radius given in Tables 4-2 and 4-3 with a straight-
line. The assumed field strength at the coverage radius will then be the point where this
line crosses the exact coverage radius. This procedure essentally is equivalent to a

-88-



5-

'U

8--ui

-4 C -4

~% 0

LUU
C- C4

0 S

3:5-- -

Co C2

5. 0

0) A 0.

0 E

Go 8
___7__ C14

ce-89-



CLX

Cl) - 0

E

LU _

X 0o
C0-

C0 C) to~ C)
0 0o a *) (V) m~

-1 0

OC Ln~ C14 0

E E 14I

E 0.

LU C0

0-.

0.

>. 4-0 C) C

0 ~ B-

CC

0 ce
LU
t So 0

v: _ _ _

U'

0 +- :6i z

-90-



weighted average of the relative minima in the vicinity of the coverage radius. A
similar technique is used in computing the field strength when considering sky wave
effects at the interference radius, with the exception that the relative maxima are
used. This procedure, of course, assumes minimum signal strength or destructive
interference with the ground wave at the coverage radius and maximum field strength,
or constructive interference at the interference radius. This is clearly the worst case,
but this is obviously the one that must be considered when examining possible co-channel
interference caused by sky wave effects. The method has been applied using those
curves generated for a maximum sun spot cycle. However, the differences for a minimum
sun spot cycle have already been found to be insignificant.

Tables 4-4 through 4-7 show the results of this comparison. These figures
are determined assuming two beacons of the same ERP and, therefore, having identical
coverage radii. These tables show the minimum field strength at the coverage radius distance
(the point where the ground wave field strength is 70 piV/m, or 37 dB relative to I fV/m
from which the maximum field strength at the interference radius (the point at which the
ground wave field strength is 12.5 PV/m, or 22 dBrelative to I HV/m) issubtracted tofind the
difference of the two signals. The desired difference between these signals is 15 dB,
as noted in the FAA Handbook. The tables show that the effects at night are obviously
the most severe of all. Also, since the sky wave becomes more significant at greater
distances, the high power beacons are clearly more prone to cause interference, as
their operation is intended for greater distances.

As the comparison was constructed, there can be no problem with interference
of even the beacon of 100 watts ERP over normal earth in summer or equinox days.
However, at night the interfering signal can actually be stronger than the desired
signal from the primary beacon, as indicated in Table 4-4 for the high power facility.
Also as expected sea water and desert conditions present interference problems at
night (Tables 4-6 and 4-7) since the sea water allows the sky wave to reflect off its
surface well, and the ground wave does not propagate well in desert conditions.

As is apparent from the tables, the field strength of the beacon at its coverage
radius is always very nearly the desired 37 dB amplitude. Only in the case of the
100 watt ERP facility propagating over sea water does this value vary by more than
3 dB. But clearly, under all nighttime conditions for beacons of over 1 w ERP, the inter-
fering signal issfgniflcantly above the22 dBrelative to 1 fW/m required toobtain a difference
of 15 dB. This is also illustrated if the nighttime curves over medium ground are con-
sidered once again. In Figure 4-2 we see that the interference radius determined by
the ground wave component is only 280 nm for a 10 W ERP facility operating at 200
KHz. However, the sky wave causes interference which enables the total electric
field to maintain an amplitude of 12.5 pV/m out to distances of 800 nm. For beacons
operating at IOOW ERP, these figures are 400 nm when considering the ground wave
only and 1200 nm when the total field is considered. These distances for nighttime
conditions for various types of earth are given in Table 4-8 for 200 KHz and In Table
4-9 for 500 KHz facilities.
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Minimum Field Strength Maximum Field Strength Difference
Conditions at Coverage Radius - at Interference Radius Dfe

(B relative to I HV/m) (dB relative to | IN/m) (dB)

1 Watt ERP 10 Watts ERP 100 Watts ERP

Nighttime 37 - 25 = 12 35 - 28 = 7 31 - 36 = -S

Winter Day 37-23=14 37 - 26 = 11 35- 32 = 3

Summer Day 37 - 22 = 15 37 - 22 = 15 37 - 22 = 15

Equinox Day 37-22=15 37 - 23 = 15 37 - 23 = 14

Table 4-4. NDB Sky Wave Interference of Equal-Powered Facilities at
200 KHz Operating on Soil of Medium Conductivity. Separation
Distances as Given in Table 4-2.
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Minimum Field Strength Maximum Field Strength Diff
Conditions at Coverage Radius at Interference Radius (dBr

(dB relative to 1 pV/m) (dB relative to IN/rn) (dB)

1 Watt E RP 10 Watts E RP 100 Watts E RP

Nighttime 37 - 24= 13 36 - 27 - 9 35-32- 3

WinterDay 37-22-15 37 - 22 = 15 37 - 24 = 13

Summer Day 37-22-15 37-22-15 37-22-15

Equinox Day 37-22-15 37 - 22 = 15 37-22-n15

Table 4-5. NDB Sky Wave Interference of Equal-Powered Facilities at
500 KHz Operating on Soil of Medium Conductivity Separation
Distances as Given in Table 4-3.
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Minimum Field Strength Maximum Field Strength Difference
Propagation at Coverage Rcdius - at Interference Radius (dB)

Path (B relative to 1 IjV/') (dB relative to 1 iN//m)

1 Watt ERP 10 Watts ERP 100 Watts ERP

Earth of 37- 25 12 35 - 28 = 7 31 -36=-5
Medium Con-
ductivity

Desert 37 - 24 = 13 37 - 28 = 8 34 - 35 = -1

Sea Water 37- 27-11 34- 30-4 27 - 36 = -9

Table 4-6. NDB Sky Wave Interference Under Nighttime Conditions
for Equal-Powered Facilities Operating at 200 KHz
Separation Distances as Given in Table 4-2.
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Minimum Field Strength Maximum Field Strength Difference
Propatalon at Coverage Radius -at Interference Radius (dB

Pa th (dB relative to 1 pN/n) (dB relative to I IN/rn) (

1 Watt ERP 10 Watts E RP 100 Watts ERP

Earth of 37 -24 =13 36 -27 =9 35 -32 =3
Medium Con-
ductivi ty

Desert 37 -22 =15 37 -24 =13 37 -29 =8

SaWater 37 -24=13 37 -27 =10 25 -34 =-9

Table 4-7. NDB Sky Wave Interference Un~der Nighttime Conditions for
Equal-Powered Facilities Operating at 500 KHz Separation
Distances as Given in Table 4-3.
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Maximum Distance at Which Field Strength is 12.5 iN/ (nm)
Propagation

path Considering Only Ground Wave Considering Total Field
Component

I Watt 10 Watts 100 Watts 1 Watt 10Watts 100 Watts
ERP ERP ERP E RP ERP ERP

Earth of 190 280 400 230 800 1200
Medium Con-
ductivi ty

Desert 85 140 190 95 300 800

Sea Water 200 330 500 290 1200 1600

Table 4-8. Effect of Considering Sky Wave on NDB Interference Radius
at 200 KI-z Unider Nighttime Conditions.
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Maximum Distance at Which Field Strength is 12.5 ji V/m (nm)Propagation... .

Path Considering Only Ground Wave Considering Total Field

Component

1 Watt 1OWatts 100Watts I Watt lOWatts i00 Watts
E RP E RP ERP ERP ERP E RP

Earth of 110 160 210 120 220 850
Medium Con-
ductivity

Desert 29 49 80 29 57 380

Sea Water 190 280 380 200 950 1300

Table 4-9. Effect of Considering Sky Wave on NDB Interference Radius
at 500 KHz under Nighttime Conditions.
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Another calculation which can be made to provide some means of showing sky
wave effects present is to determine what percentage of the original coverage area of
a co-channel beacon separated the minimum distance allowed considering ground wave
only is subject to interference when sky wave effects are included. For the facilities
considered in this section, this computation has been made assuming sky wave effects
under nighttime conditions. Figure 4-24 illustrates the geometry of the problem, where
the beacons are seen to be separated by a distance corresponding to the sum of the coverage
radius, rc, and the interference radius, rig, given in Tables 4-2 and 4-3. Then the inter-
ference radii of the beacons are assumed to be increased to the amount shown in Tables
4-8 and 4-9, rit. Using this extended interference radius, the amount of the original
coverage area subject to interference from the other beacon has been computed, and
the results are shown in Table 4-10 for 200 KHz and Table 4-11 for 500 KHz. As an
example, consider the case of earth of medium conductivity, I watt ERP, and operating
at 200 KHz given in Table 4-10. The coverage radius, rc, the interference radius
considering only the ground wave, rigs and the separation distance for this case are
given in Table 4-2 and are found to be 70 nm, 190 nm, and 260 nm, respectively.
Table 4-8 then shows that the interference radius when the total field is considered
for nighttime conditions, or ra , is 230 nm. Using this interference radius, extended
from 190 to 230 nm, it can be'ound that 21% of the original coverage area could
be subject to interference from another equal-powered facility. Cases for the various
propagation paths and effective radiated powers have been computed in a similar
manner and tabulated in Tables 4-10 and 4-11.

As the data in these tables illustrates, the 100 watt ERP beacon can cause
interference -,/er the total coverage area of an adjacent 100 watt ERP facility under
all ground conditions considered. This is also true of the 10 watt ERP beacons operat-
ing at 200 KHz. Even the beacon radiating 1 watt of effective power can cause
interference in a significant portion of the coverage area of an adjacent beacon.
The effect is less severe for lower powered beacons operating at a frequency of 500
KHz, since the coverage and interference ranges defined by the ground wave are at
shorter distances and, therefore, sky wave interference is less of a problem.

In conclusion, then, it would certainly appear that co-channel and adjacent
channel interference of NDB facilities is possible if the minimum geographical separation
is determined by considering the ground wave component only, especially for higher
powered facilities. Although this study is not intended to be exhaustive and the
accompanying figures represent typical interference under the given conditions, the
results suggest that the sky wave propagation must be considered in geographical
separation determinations if co-channel interference from this source is to be pro-
perly predicted.
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o.4

Propagation Portion of Coverage Area Subject to Interference Due to
Path Sky Wave

I Watt ERP 1OWatts ERP 100 Watts ERP

Earth of 21% 100% 100%
Medium Con-
ductlvity

Desert 9% 100% 100%

Sea Water 63% 100% 100%

Table 4-10. Portion of Coverage Area of Equal-Powered Facilities Subject
to Interference under Nighttime Conditions when Sky Wave
is Considered. Operating Frequency -200 KHz. Separation
Distance as Given in Table 4-2.
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Propagation Portion of Coverage Area Subject to Interference Due to
Path Sky Wave

I Watt ERP 10OWatts ERP 100OWatts ERP

Eathof 6% 28% 100%
Medium Con-
ductiv i y

Desert 0.0 12% Ir/ 100%

Sea Water Iwo 100%0 1 00%

Table 4-1 1. Portion of Coverage Area of Equal-Powered Faciflities Subject to
Interference under Nighttime Conditions when Sky Wave is
Considered. Operating Frequency -500 KHz. Separation Dis-
tances as Given in Table 4-3.
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V. AN INVESTIGATION OF THE EFFECTS OF IRREGULAR TERRAIN ON RADIO
WAVE PROPAGATION IN THE FREQLENCY RANGE 200-500 KHz

The investigation of radio wave propagation in the preceding sections of this
report has assumed that the earth's surface is perfectly spherical with no terrain ir-
regularities whatsoever. In this section this requirement is removed, and the model
used here allows, an irregular terrain to be described and electric field strength com-
puted for this terrain profile. The investigation presented here utilizes this model to
determine predicted field strength for actual terrain profiles from the states of Montana
and Ohio. Also, experimental data will be compared with the theoretical values in
an attempt to check agreement of the methods.

The theoretical model used, ITSNR (Irregular Terrain Signal-to-Noise Ratio)
has been obtained from ITS I1l]. It allows any given terrain profile to be defined
and the field strength on the earth's surface is computed for this profile. The model
also removes the requirement that the propagation path be homogeneous by allowing
ground constants to be changed at any given distance from the transmitter. This cap-
ability makes the model particularly useful far determining field strength across land-
sea boundaries, for instance. Plotted output is presented here for five different terrain
profiles. The method used by the model in field strength computation is essentially one
of solving numerically an integral equation by determining the contribution from induced
currents on intervals of the surface between the source and the receiver. Of course,
certain approximations must be made to obtain a usable and economically practical
form of the solution. Among these are the assumption that the terrain is uniform in
the direction transverse to propagation. This eliminates all side-scatter effects, or
contribution from currents induced on sections of the earth not directly along the
propagation path. Also, as previously mentioned, only contributions from currents
induced on the intervals between the source and receiver are considered in the com-
putation. This obviously neglects backscatter effects or the contribution made by
currents on the given terrain profile behind the receiver (as viewed from the source)
as well as behind the source (as viewed from the receiver). This certainly will allow
computation to be made more economically for if backscotter effects were to be con-
sidered, the integration would necessarily extend over the entire terrain profile for
computation of field strength at every field point. Similarly, inclusion of sidescatter
effects would require integration over an area for each field point, the size of the area
being determined by the accuracy required. Clearly, consideration of these effects
is limited by computation ability and speed. Another assumption made in the model
concerns the terrain profile itself. Program ITSNR requires as input to the program
data points which define the terrain in terms of height of 1he earth's surface as a
function of distance from the transmitter. The terrain profile then actually used in
the computation of field strength is obtained by performing a quadradic interpolation
on these input points to obtain terrain height and slopes which are required in the in-
tegration intervals between the points.

These assumptions are a compromise between economical computation and
prediction accuracy. However, the model does provide a very useful means of determin-
ing attenuation caused by irregular terrain. Errors resulting from the assumptions men-
tioned above are not severe, especially at the frequency range of interest here. A
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slight deviation from the actual terrain, for instance, caused by the assumptions made
in determining the terrain profile would be insignificant to computed field strength
for these long wavelengths and scattering effects at all frequencies are second-order
effects. Further, while the experimental data presented here is limited and not in-
tended to indicate the validity of the model, the agreement obtained between experi-
mental and predicted field strength does suggest that the model con be useful in pre-
dicting terrain effects. Complete details of the comouter techniques are documented
by Ott [28).

As mentioned, theoretical field strength predicted by this model has been
computed for five different existing terrain profiles. These profiles have been obtained
from geological survey maps and are all directed radially outward from an NDB facility.
Four of the profiles illustrate terrain conditions in western Montana, which presents
somewhat of a worst case in terms of realistic terrain irregularities. These radials
originate at the Kona, Montana NDB located at 470, 5'N Latitude and 1140, 25W
longtitude, and terminate at points at which measured data has beer, collected.
Experimental data for this facility has been supplied by the FAA and is available
at two frequencies--218 KHz and 404 KHz.

The first profile to be considered is shown in Figure 5-1 and describes terrain
northwest of the NDB. The terrain itself is shown in Figure 5-1 and results of
theoretically predicted field strength and measured field strength for 218 KHz and
404 KHz are shown in Figures 5-2 and 5-3, respectively. Also in these figures, as
with all in this section, the field strength expected if terrain were perfectly smooth
is indicated with a dashed line. This information has been computed by program
GWSNR (see section II). It also should be pointed out that there is a difference in
the power levels for the two different frequencies of the Kona, Montana facility.
This reflects measurements made at a distance of 2 nm from the NDB which reveal
that the ERP of the facility when operating at 404 '(Hz is 7.06 dB above its ERP at
218 KHz. However, since all propagation models in this report are completely
linear in field strength computation, the same effects of the irregular terrain will
result regardless of the power level. In general, in Figures 5-2 and 5-3 it can be
seen that as the receiver is located on the side of a hill or mountain facing the trans-
mitter, measured field strength is increased. This would be expected, since the
receiver is then fully exposed to not only the source, but to the fields due to currents
induced on the earth's surface as well. As the receiver moves to sides of terrain
irregularities facing away from the beacon, field strength is decreased, again
as is to be expected, since it is now shaded from the source. In Figure 5-2, the
theoretical field strength considering irregularities in the terrain is seen to vary from
the smooth earth model by at most 6 dB, whereas operating at 404 KHz, the variation
is nearly 10 dB with the maximum deviation in both coses occurring around 19 nm.
The experimental data in both figures at 9.5 and 16 nm agrees welI with the predicted
value, but the measured data at 21. 1 nm falls 8 dB below the calculated value.
Although agreement in the two points closer to the facility is good, the validity of
the model cannot be established on the basis of this agreement, for the measured data
also agrees well with the field strength computed assuming smooth earth conditions.
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Figures 5-4 through 5-6 illustrate a profile radially outward to the west of the
Kona NDB. As Figure 5-4 shows, this radial exhibits considerably more irregularity.
This surface irregularity is also noticeable in the theoretical field strength calculations
at both frequencies, as values for both frequencies show more deviotion from the field
strength computed for a smooth earth. In Figure 5-5, the maximum disagreement with
smooth earth for 218 KHz is now 6 dB, and at 404 KHz (Figure 5-6) again differences
of 10 dB can be seen. However, although the maximum differences at 404 KHz are
the same for the two profiles, Figure 5-2 clearly shows better agreement with the smooth
earth model than Figure 5-6. It is quite obvious in both these profiles that the higher
frequencies are disturbed more by surface irregularities than the lower frequencies.
The experimental data at 13.2 nm is also plotted in Figures 5-5 and 5-6, and is seen
now to agree more closely with the field strength computed by IISNR, especially for
218 KHz.

Figures 5-7 through 5-9 show similar results for a radial east-northeast of the
NDB, as do Figures 5-10 through 5-12 for a northeast radial. As the terrain profiles
(Figures 5-7 and 5-10) indicate, both are quite irregular. Both terrain profiles have
significant effect on wave propagation, even in this frequency range, as shown on the
associated figures of plotted field strength versus distance. Again the measured data
is considerably closer to the value computed by ITSNR in all cases for these two pro-
files. The differences between the measured data and the field strength computed by
both models are summarized in Table 5-1 for 218 KHz and Table 5-2 for 404 KHz.
The results of the data strongly suggest that field strength can be computed more
accurately when the terrain is considered, but it must be remembered that this case,
though realistic, is an extreme one.

To illustrate a more moderate example, a terrain profile for a rodial to the
northeast of the Albany, Ohio beacor is shown in Figure 5-13. This radial was chosen
because it includes some of the roughest terrain in southeastern Ohio. Figure 5-14
shows computed field strength when this terrain profile is used in program ITSNR.
The frequency used is that of the Albany beacon, 250 KHz. Here, the variation
from the smooth earth model is not nearly as evident as for any of the Montana
terrain profiles, the maximum deviation here being less than 2 dB. Figure 5-5 shows
the effect of the same terrain profile on the field strength from a beccon operating
at 500 KHz. Effects here are slightly more noticeable, showing a deviation from
the values computed by GWSNR of 2 dB, but it appears that the effects of irregular
terrain of the type found in southern Ohio on wave propagation are not significant
effects.
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Difference Between Difference Between Distance
Terrain Measured Data and Measured Data and (nm)

ITSNR Prediction GWSNR Prediction
(dB relative to 1 W/m) (Smooth Earth)

(dB relative to IW/m)

Profile No. 1 1 2 9.5
Profile No. 1 1 3 16
Profile No. 1 5 11 21.2

Profile No. 2 1 5 13.2

Profile No. 3 3 6 13.7

Profile No. 4 4 9 13.5

Table 5-1. Improved Prediction Capabilities at 218 KHz when
Irregular Terrain is Considered (Kona, Montana).
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Difference Between Difference Between Distance
Terrain Measured Data and Measured Data and (nm)

ITSNR Prediction GWSNR Prediction
(Al relative to I W1 m) (Smooth Earth)

(dB relative to 1 W/r/m)

Profile No. 1 3 3 9.5
Profile No. 1 1 4 16
Profile No. 1 8 9 21.2

Profile No. 2 4 4 13.2

Profile No. 3 4 9 13.7

Profile No. 4 0 6 13.5

Table 5-2. Improved Prediction Capability at 404 KHz when
Irregular Terrain is Considered (Kona, Montana).
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V1. CONCLUSIONS

Radio wave propagation is a very compie- rhenomena and, therefore, the
modeling and predicting of effects of various porameters is clso qute complex. Cer-
tain assumptions, the nature of which depend ci rgely upon tht radio frequency, ore
required in all mathematical models of wave propagation. These assumprions concern-
ing the propagation media are also often necessary to reduce the miodel to a usable
form from which effects of parameters cot be obtained practically and economically.

Computer models have been utilized in this report to 'predic ficid strength
under varying conditions. In Sections II and IlI, the models used assume that the
earth possesses a perfectly smooth, spherical surface, completely homogeneous, and
that the upper atmosphere is homogeneous as N'ell. The resulting computation is that
of field strength due to the ground wave component cnly. Th's model has been used
in Section 1i, where its predicted field strength is cornporeJ ,,ith that measured for
navigational non-directional beacons of various frequeicies in the range 200-500 KHz
located in southern Ohio, Pennsylvania, Connecticut, Massachusetts and New Hampshire.
The results of this comparison, when ERP measurements were taken, in general were very
good indicating that this model is valid for these frequencies under the terrain conditions
encountered in these areas. The agreement also indicates that the measurement tech-
niques used are valid. For those cases where an effective radiated power could not be
measured, the trend of the data follows that of the prediction, although the absolute
levels may not agree. This can be expected, however, since the cases where ERP
was measured resulted in considerable variation from the values obtained from FAA
publications [13,143.

The data collected also suggests that some correlatior. exsts between air-
and ground-based field strength measurements. Measurements taken at various altitudes
are presented in Section 1i, and trends toward a slight drop in field strength as altitude
increases is apparent up to altitudes of 8000 Feet, the highest measurement point.
This trend is predicted by the model for altitudes up to 20,000 feet, and is due to the
fact that the earth's surface is not perfectly conducting. Therefore, the measurements
presented in Figures 2-29, 2-30, and 2-31, are expected from the theory and do show
a correlation between flight measurements and ground-based data.

Another important fact which is illustrated by the data collected and presented
in Section II is that when field strength measurements are repeated, the agreement is
very good. This agreement suggests that the field strength from a particular beacon is
fairly constant and also shows that the techniques used in the field strength measurements
are valid. Another set of measurements showing the validity of the calibration p ocedure
for airborne measurements, which neglects the presence of the aircraft, is presented in
Table 2-2. These measurements, made with a DC-3, show that variation with aircraft
orientation is not more than 1.4 dB, well within the tolerance of the receiver. There-
fore, even the DC-3, the largest aircraft user- in measurements for this report, has
little effect on the field strength. This can be expecred, since the aircraft is still
quite small when compared to a wavelength at these frequencies.
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The same model (assuming smooth, homogeneous earth and homogeneous iono-
sphere) is used in Section III to determine effects of various parameters on ground
wave propagation in the frequency range 200-500 KH,. The parameters under con-
sideration here are ground conductivity and relative permittivity, receiver altitude,
and effective earth radius. The results of this stud), show that ground conductivity is
clearly the most important parameter for these frequencies at the distances of interest
for non-directional beacons. Curves were generated for o wide range of ground con-
stants from sea water (ar = 4 mhos/m) to desert (c , .001 mhos/m). The study of the
effect of relative permittivity involved changing this parameter under conditions of
sea water, ground of medium conductivity, and poorly conducting earth. The findings
here show that the relative permittivity of the earth effects wave propagation in this
frequency range only for poorly conducting earth. Even under these conditions, however,
this parameter has little effect for all practical values at distances important for NDB
use. The next parameter investigated here was receiver altitude. As expected, this
parameter had little effect on the measured field strength, since the wavelengths in-
volved are very large. However, the model does correctly predict the slight reduction
of field strength as altitude increases, as previously mention ed. The final parameter,
effective earth radius, was found to be, like receiver altitude, unimportant for practical
values and distances normally encountered with non-directional beacons.

Section IV has utilized a model which, while still assuming a spherical, smooth,
homogeneous earth, allows consideration of an inhomogeneous ionosphere. The model,
(LFSNR) has generated predicted field strength for various values of radio frequency,
ground constants, hour and month, which have been plotted and presented in Section
IV. The results of comparisons of these plots shows that radio wave propagation in
this frequency range is affected when the sky wave is considered. The predicted effects
are most severe at night, regardless of the season, fol lowed by winter day, equinox day,
and finally summer day, which shows very little change faom the results of model GWSNR,
which ignores ionospheric effects entirely. Tho predicted field strength curves lead
to conclusions that the sky wave is always more important for high powered facilities,
since these beacons have a larger coverage radius (determined from the ground wave)
and, therefore, the sky wavetwhich becomes significant at larger distanceshas more
effect. Also, though the sky wave effects are very similar for 200 and 500 KHz, the
lower frequency beacons are slightly more subject to interference than are higher
frequency facilities, since again the coverage radius is larger. Interference from the
sky wave is also more likely at extremes in ground conductivity, for sea water and
desert conditions. Sky wave propagation over sea water :5 enhanced by the good
reflecting boundary provided by the water's surface, and therefore the sky wave hops
are attenuated less than propagation over earth. Under desert conditions, the ground
wave is rapidly attenuated and, therefore, the sky wave component here is relatively
large by comparison.

The models used in Section V, ITSNR, again ignores ionospheric effects, but
allows consideration of irregular, inhomogeneous terrain. Field strength predicted by
this model has been compared with measurements taken in Montana at the same location
but at two different frequencies: 218 and 404 KHz. For both these frequencies, on
four different terrain profiles, the predicted and measured field strength values have
been presented. Comparison of these values show that the model allowing irregular
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terrain has indeed predicted the measured values with greater accuracy than the smooth
earth model. Field strength predicted for a terrain profile in southern Ohio is also shown
in Section V, and at all NDB frequencies the terrain irregularities encountered here have
little effect on the predicted field strength.

In summary, the models utilized in this report give one the ability to accurately
predict the field strength under a variety of conditions. Although assumptions have been
necessary in the models, they nevertheless are very useful in field strength prediction
for all conditions. The measurement techniques and calibration procedure used for
airborne measurements have also proven to be valid for field strength measurements
on non-directional beacons.
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IX. GLOSSARY

E - Electric Field Strength

H - Magnetic Field Strength

I- Current

X Free Space Wavelength

d - Distance from Source

- Length of Current Element

k - Wove Number

r) - Intrinsic Impedance of Medium

Pf - Complex Radiated Power

P - Real Part of Pf

H* - Complex Conjugate of Magnetic Field Strength

r - Radius

6 - Surface Impedance

hi 1 h2  - Antenna Height from Surface

e r - Relative Permittivity

a - Conductivity

RG - Reflection Coefficient of Ground

erfc - Complementary Error Function

f - Frequency (Hertz)

- Angular Frequency

a - Radius of Earth

Hi(h), H 2 (h) - Height Gain Functions

wn(t) - Airy Functions

V - Oel Operator
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X. APPENDICES

A. Theoretical Basis for Calibration Technique. As discussed in this report,
coverage area of non-directional beacons is determined by their signal strength. How-
ever, the capability to accurately measure airborne field strength levels in this frequency
range has previously not been available. Present methods measure only the radio frequency
voltage at the receiver terminals, neglecting effects of antenna coupling, the trans-
mission line from the antenna to the receiver, and field distortion caused by the air-
craft fuselage. This section documents the effort to provide a method of calibrating
the entire receiving system (from antenna to receiver system) in absolute volts-per-
meter of electric field strength at the antenna described by Luebbers, Irvine, Mullins
and Bash [1].

The method chosen involves transmitting a known field strength from a portable
oscillator with an attached antenna located near the aircraft receiving antenna and
measuring the corresponding receiver AGC voltage. The calibration process can be
performed on the ground. One limitation of the approach is that only receiving systems
using loop antennas can be directl calibrated using this method. The reason is that
the calibration process depends upon a relation between near- and far-zone fields that
is valid only for loop antennas. However, once the ADF loop antenna receiving system
is calibrated using this near-zone, oscillator method the calibrated loop antenna system
can then be used to calibrate other antenna systems (such as the ADF sense antenna
system) by placing both antennas in the same far-zone fields. This can easily be
accomplished by flying in the vicinity of a transmitting NDB, and the process will
be discussed more fully in this Appendix.

One disadvantage of the process is that the effects of the aircraft are not
completely included since, in general, they will be different for near- and far-zone
fields. However, for the frequencies of interest this should not be a serious source of
error since the wavelength is so much greater than the aircraft dimensions.

What is desired is to develop the correspondence of some measurable receiver
parameter with the strength of the electric field of the plane wave which exists at the
location of the receiving antenna. This is not equivalent to measuring the voltage at
the receiver terminals, since the antenna, transmission line, and (for airborne measure-
ments) the presence of the aircraft affect the relationship of electric field to terminal
voltage. This relationship is quite difficult to calculate, especially at the relatively
low frequencies (200 to 500 KHz) of interest, since the receiving antenna is electrically
very small and inefficient. Thus, determining the voltage level at the receiver terminals
and relating this to a receiver output, such as the AGC voltage, does not result in the
desired information.

One can determine the correspondence of the electric field strength at the antenna
to the receiver AGC voltage (or other receiver output) by immersing the antenna in a
plane electromagnetic wave of known strength. Unfortunately, this is difficult to do at
the frequencies in question. One could fly near a transmitting beacon assumed to be
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operating properly and correlate the receiver output with the field strength predicted
to be present at the aircraft location. The predictions are, however, based on propagation
of the wave over a smooth homogeneous earth of known permittivilty and conductivity
from an antenna of known radiation pattern radiating a known amount of power. Any
actual site will deviate from this ideal -ausing on error in the calibration. In addition,
the receiving system is now calibrated at only one frequency, and for calibration at
another frequency either another beacon must be located or the one used must be frequency
shifted. However, the advantage of this approach is that the effects of the aircraft
are included completely in the calibration.

A similar approach could be used with the aircraft parked on the ground. With
this approach, the field strength due to a nearby beacon could be measured near the
parked aircraft using a calibrated antenna and receiver such as the Fairchild EMC-25
to determine the electric field strength near the aircraft. The sources of error here
are the effects of the ground on the receiving antenna and the field distortion produced
by the aircraft itself; and, as before, the system is calibrated at only one frequency.

The calibration method considered here utilizes a portable transmitter and
attached transmitting loop antenna. It can be used anywhere, even when the aircraft
is parked in a hangar. The entire receiving system from the receiving antenna to the
receiver itself is calibrated as a unit. The calibration can be performed at any desired
frequency (provided the wavelength is large in comparison to the loop antenna dimensions)
and at any desired field strength level. Only loop antennas can be directly calibrated
using the method, but the calibrated loop antenna can then in turn be used to calibrate
other antenna types (such as the ADF sense antenna) while the aircraft is in flight and in
the presence of a signal of desired frequency.

The method is based on work performed at the National Bureau of Standards
[ 2, 3]. It depends upon the determination of the relationship between the signal in-

duced in a receiving loop antenna due to a nearby transmitting loop and that induced
in the same antenna due to an incident plane wave such as would be produced by an
NDB. The method is illustrated schematically in Figure A-1. The calibration process
is shown in Figure A-la. The portable transmitting loop is located at a distance d from
the receiving loop and coaxial with it. The spacing d would be typically 1 meter,
and must be a minimum of 4 times the larger of the two loop radii. If the same receiv-
ing loop is now placed in a plane wave with electric field strength such that the receiver
receives the same signal as in Figure A-la, then the electric field strength E of the plane
wave is given by the equation

2
60irr 1 I
(d2 r2 23/2 (A. 1)(+r +r22)3/

where:
E = equivalent free-space field strength in rms volts-per-meter.

r = radius of the transmitting loop in meters.
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E, H Fields

(a) Receiving loop in rear zone of transmitting loop and coaxial with it.

E

RCV R

(b) Receiving loop in presen1ce of plane, far-zone field of unknown amplitude.

For same receiver terminal voltage at same frequency,

60,w r 2
E 2  2 2/2

r 2

Figure A-i. Relation between Near-Zone Loop Calibration Current and
Amplitude of Received Far-Zone Electric Field.
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r2  radius of the receiving loop in meters (if the loops are
not circular, use the radius of a circle having the same
area).

d = axial spacing in meters between the coaxial loops.

I= transmitting loop current in rms amperes.

For the relation to be accurate, the distance d must be much less than one wavelength,
and must be a minimum of 4 times the radii of the larger of r1 or r2 . Also, the area in
the vicinity of the antennas should be free of metal objects tor two to three times the
distance d from the antennas. This latter requirement is not met due to the presence
of the aircraft. However, laboratory experiments involving the placement of large
metal plates near the two antennas to simulate the effects of the aircraft fuselage
indicate little effect. The main justification for neglecting the near-zone fuselage
effect lies in the agreement between field strength measurements based on this calibration
technique and calculated field strengths. These results are reported in Section II of this
report. Also, it must be assumed that the electric and magnetic fields of the for-zone
are related by the characteristic impedance of free space (377 ohms).

To use Equation (A. 1) and the approach of Figure A-i to directly calibrate the
receiving system would be somewhat difficult, since the current would have to be
measured accurately and the equation itself then evaluated for each desired field
strength. This can be avoided, and at the same time the accuracy of the calibration
method can be related to the accuracy of a standard, field-strength measuring device,
such as the Fairchild EMC-25 selective voltmeter and calibrated loop antenna, by using
the technique illustrated in Figure A-2. Rather than measure the current I in the trans-
mitting loop directly, the equivalent transmitted electric field strength E is measured
using the calibrated receiving loop and selective voltmeter. If the transmitting loop is
now placed near the receiving loop of the receiving system to be calibrated, and the
same current I flows in the transmitting loop, the equivalent free space electric field
E corresponding to the receiver output can be readily obtained from Equation (A. 1) and
is:

(dc+r 22+r 2 2 )3/2

E =E c I 2c 'J
c 2 2 2 3/2E =Ec (d2+r 1+r2232(.2

where the symbol meanings are as for Equation (A. 1) but with a subscript c denoting
quantities pertaining to the measurement made using the calibrated loop receiving
antenna and selective voltmeter. Since for most practical cases the separation d is
much larger than either of the loop radii, if the same spacing d is used for both
measurements the equivalent free space electric field E corresponding to a given
receiver output is approximately equal to that measured by the calibrated receiving
system, E c or

E E c if d = d, r2c<< d, and r2 << d . (A.3)
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(a) Calibration of generator and loop. C
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(b) Determining equivalent free space electric tield.

Figure A-2. Determination of Electric Field Corresponding to Given Receiver Output
by Comparison with Response of Selective Voltmeter and Calibrated
Antenna to Sarne Signal. The relationship is determined from application
of Equation (A. 1), assuming same transmilian current in (a) and (b).
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A similar approach cannot be used with confidence for other types of antennas,
such as monopole or dipole antennas, since the equations relating the near-zone and
far-zone electric field equivalence are not as simple as Equation (A. 1), as they are
dependent upon wire diameters, shapes, and method of feeding the antennas, and also
are much more affected by the presence of nearby structures such as the airplane fuselage.
One could use the results of the calibration technique of Figure A-2, which applies only
to loop antennas, to calibrate indirectly another type of airborne antenna as follows.
First, calibrate the loop antenna using the near-zone method described. Then place
this calibrated antenna together with the other type antenna for which calibration is
desired in a plane wave electric field, as indicated in Figure A-3. The loop antenna
is used to determine the absolute electric field strength of the plane wave, and this
value is then used to determine the calibration factor for the other antenna. For the
second antenna, the effects of the supporting aircraft and any other nearby structures
are included; however, as discussed previously, they arenot completely included to
the loop itself. Also, it is assumed that the electric and magnetic fields are related
by the characteristic impedance of free space (377 ohms).

Thus the calibration method used depends upon the knowledge of the near-zone
coupling between loop antennas as related to the loop reception of plane waves. It
is simple to apply and does not depend upon the use of any existing transmitter, but
can be performed with a low-power oscillator and loop antenna located within a few
feet of the antenna to be calibrated. The calibration method can easily calibrate
the entire receiving system from the antenna itself on through to the receiver, in-
cluding any transmission line losses. The limiting approximation is that the effects
of the aircraft fuselage are partially neglected since, in general, they will be
different for near- and for-zone coupling.

B. Practical Aspects of Calibrations.

1. Measurement Equipment. To aid the person interested in implementing
a measurement capability, the construction of a portable oscillator-antenna combination
called an FCU (Field Calibration Unit) will be described in detail. The calibration of
theFCU againstthe Fairchild EMC-25 selective voltmeter will also be described. This
calibration ensures that the field transmitted by the FCU has its amplitude level referenced
to the EMC-25.

While an important part of the measurement procedure involves setting up the
standard reference field using the FCU, attenuation must also be given to the receiver
modifications required to obtain the AGC voltage. Experience has been obtained with
two receivers that have been modified to allow this voltage to be externally accessible:
a vacuum tube type Bendix DFA-70 and a more modern, solid-state King KR-86. The
King receiver modifications were slightly more involved since, while the desired AGC
voltage must be proportional to the signal received on the loop antenna, this receiver
does not have a loop receiving position. The desired performance was achieved with
the addition of one multi-pole switch, and this modification will be described in a
subsequent section.
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Plane Wave
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Antenna "B"

Loop Antenna "A"

Figure A-3. An Airborne Antenna other than a Loop may be Calibrated
Indirectly by First using the Calibrated Loop Antenna "A
to Determine the Electric Field E of an Incoming Plane
Wove, then using this Known E Field to Calibrate the
Other Antenna Type " B " . The antenna B " calibration
will include the effects of the aircraft on that antenna.
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2. Design and Construction of a Portable Calibrator. Calibration of the
FCU is accomplished fundamentally by causing a current of the desired frequency to
flow around a loop of known radius. The loop is located coaxially with and at a given
distance from a loop associated with the receiving system to be calibrated.

Depending upon the accuracy required, the desired results might be obtained
with the circuit shown in FigureA-Ia, utilizinga commercially obtained signal generator
connected to the transmitting loop. If the signal generator produced a calibrated out-
put for a given load impedance, such an approach would work quite well. Since the

impedance of the loop is very small for the frequency and loop dimensions under con-
sideration (200 to 500 KHz, 0.1 meter radius or less), the load impedance could be
properly adjusted by placing, for example, a 50 ohm resistor in series with the loop
antenna if the generator were designed to work into a 50 ohm load. With this arrange-
ment it would be a simple calculation to determine the equivalent electric field strength

using the equations of the previous section.

However, for more convenient application it was decided to construct a portable
calibration oscillator which would be a self-contained unit capable of performing calibration
checks without the need for external power or antennas. The unit would provide the re-
quired calibration by transmitting a signal with its antenna located a given distance from
the receiving loop, giving the resulting name Field Calibration Unit, or FCU. Such a
portable calibrator was designed and constructed and will be described in this section.
The resulting unit is shown in the photograph of Figure B-1. Visible on the front panel
is the frequency control (variable from 200 to 500 KHz), the RF level control (varies
the equivalent electric field through 4 steps corresponding to 1000, 500, 100, and 50
microvolts-per-meter for a small loop receiving antenna at an antenna spacing of 1
meter), the modulation on-off switch, and the power on-off switch. The microampere
meter monitors the output of the oscillator, thus effectively checking for proper battery
voltage as well as component malfunction. Not visible are two female BNC connectors
on the rear panel. One is a voltage tap across the loop for checking current level and
waveform using an oscilloscope. The other is for connection of an external signal
generator with step attenuator when other signal levels in addition to the 4 provided
internally are desired for receiver calibration purposes. This external source option
is selected by a fifth position (ext.) of the RF level rotary switch. Atop the FCU is
the transmitting loop, which has a radius of 0.1 meter. Tied to the base of the loop
is a dacron cord 1 meter long, used to space the FCLU antenna the proper distance
from the receiving loop to be calibrated.

The electrical schematic diagram for the FCU is shown in Figure B-2. The
heart of the circuit is the Motorola MC12060 oscillator integrated circuit. This chip
is designed to function as a crystal-controlled oscillator, but since the FCU required
a variable frequency range, the oscillator frequency is controlled by a lumped LC
circuit composed of a 1.3 mH inductor and a variable capacitor. The parameters of
the inductor and capacitor were adjusted experimentally to give the desired frequency
range while at the same time producing a sinusoidal waveform with little distortion.
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Figure B-1. The Field Calibration Unit Used to Calibrate Loop Antenna
Receiving Systems in Absolute Volts-Per-Meter of Electric Field.
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Despite the fact that it is designed for crystal control, the MC12060 is very well
suited to this application since it provides u relatively high level output (500 mV pp into
50 ohms) and incorporates an internal amplifier w.ith automatic gain control. The automatic
gain control and high output are especially important since it is very desirable that the
FCU antenna current stay at the same amplitude as the frequency is changed. This AGC
performance is documented in Table B-1, which shows that for the various output levels
the output voltage across the loop holds constant to within 0.37 dB as the frequency is
varied from 200 to 500 KHz.

In order to identify readily the transmitted signal when tuning in the FCU to
the desired frequency, provision is made to modulate the oscillator with a steady tone
of approximately 1000 Hz. This modulation is provided by connecting the output of
the phase shift oscillator driven by transistor 01 to the AGC pin of thie MC12060.
This effectively amplitude modulates the oscillator output. Once the FCU is tuned in
by the receiver, the modulation should be removed by opening switch S3, as this
modulation method does affect the output level of the oscillator..

The resistor divider network associated vith switch S1 is used to obtain the loop
currents which correspond to four desired equivalent electric field strengths when the
FCU loop is located 1 meter from a small receiv.ing loop. The double-ganged switch
and extra set of resistors is included in the design so that the resistance at pin 2 of the
IC remains constant as the switch position changes. This was found necessary to avoid
frequency shifts for different output levels. The fifth position for switch S1 allows
connection of an external signal generator to the transmitting loop. This allows
transmission of other equivalent field strengths than the four provided by the resistance
divider network for receiver calibration purposes when a signal generator with built-
in attenuator is connected.

The entire oscillator circuit, -ogetk,_- wit. o 4 "D'7 size ftla.hlight batteries,
is contained in a chassis box measuring 3 x 6 x 8 inches (1.18 X 2.36 x 3.15 cm) and
weighing approximately 3 pounds (1.36 kg), including the attached loop antenna.

3. Calibration of the FCU with the Fairchild EMC-25 Selective Voltmeter.
In order to determine the accuracy of the signals transmitted by the FCU described in
the previous section, the equivalent field strengths for various frequencies and RF
levels transmitted by it were measured using the Fairchild EMC-25 with calibrated
loop antenna. The measurement geometry is as indicated in Figure A-2a, with the
separation distance dc equal to one meter. The results of these measurements are given
in Figure B-3. The designated field strennth equivalents of 1000, 500, 100, and 50
microvolts per meter are indicated in the figure. If one assumes that ihe EMC-25 is
exact, then the FCU signals lie within 1 3 dB of the design goals with the exception
of the peak near 230 KHz, with most points being within ± 2 dB. Since the published
accuracy of the EMC-25 itself is ± 2 dB 'rigiecting any antenna inaccuracy (as marked
on Figure B-3), the FCU is evidently accurate to 'ithin I dB of the measurement
tolerance of the EMC-25. Actually, it may be suspected that the FCU is more accurate,
since the variation in output level as measured using an oscilloscope was reported in
the previous section to be less than 0.37 dB over the ent*re frequency range for the
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VOu t (Volts)

Frequency (KHz) RF Level RF Level RF Level RF Level
4 3 2 1

200 .70 .39 .092 .048
230 .70 .39 .092 .048
260 .68 .38 .090 .046
320 .68 .38 .090 .046
380 .68 .38 .090 .046
410 .69 .38 .090 .046
440 .69 .38 .092 .046
470 .68 .38 .090 .046
500 .68 .38 .090 .046

Maximum Deviation - dB

RF Level 4 .25 dB
RF Level 3 .23 dB
RF Level 2 .19 dB
RF Level 1 .37 dB

Table B-i. Output Voltage Variation with Frequency and
Attenuator Posi tion.
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worst case. Since this output current couples linearly to the EMC-25 receiving loop,
it is evident that the variation shown in Figure B-3 is ptobably due to the inaccuracy
of the EMC-25. However, as the EMC-25 is often considered to be an accuracy standard
in making electric field strength measurements, the conclusion can be made that since
the FCU is always within approximately I dB of the accuracy limits of [he EMC-25, the
FCU itself produces calibration signal of sufficient accuracy for the purpose for which
it is intended.

4. Application to Practical ADF Receivers. in order to apply the previously
described method for calibration of receiver AGC voltage in terms of absolute electric
field strength, several receiver parameters must be available. Depending upon the
construction and capabilities of the receiver in question, some simple modifications
may be required. The receiver capabilities which must exist, either as a result of
modification or inherently in the receiver design, are:

1. Access to the AGC voltage.
2. Capability of receiving on the loop antenna only.
3. Capability of rotating loop or goniometer for maximum signal.
4. Capability of maintaining the loop at this maximum signal position while

taking measurements.

After the above capabilities are provided, a calibration curve relating AGC
voltage to field strength for the frequencies of interest must be obtained.

In order to illustrate the receiver modification ani calibration, cnd the field
strength measurement process, two specific receivers will be discussed: the Bendix
DFA-70 Receiver with the CNA-70A Control Panel, and the King KR-86 Receiver.
While only the receivers are listed, it should be kept in mind that the calibration
process includes the entire receiving system and must be repeated for each specific
aircraft installation or if any of the system components is changed.

a. Bendix DFA-70 Receiver with CNA-70A Control Panel. This

receiver is well suited to the application of this measurement technique since, of the
four previously listed required capabilities, three are available without receiver
modification. This is due to the presence of a loop receiving mode Which, when
selected at the control panel, internally disconnects the sense antenna and provides
manual control of the loop position. Thus the only modification required was to obtain
external access to the AGC voltage. This was readily accomplished by tapping the
voltage which existed across the tuning meter and installing a BNC connector in the
control panel, as indicated in Figure B-4 [ 4 1. Th-s did not interfere with the normal
operation of the receiver, but did allow ready access to the AGC voltage. As this
particular receiver was designed with the AGC crerating on one of Ole audio amplifi-
cation stages, the AGC voltage is dependent on the . olume control setting. For
maximum sensitivity, the volume controi must be trne C. t', fu1l volume and all measure-
ments were made under this con ition. After some experimentatior, it was evident that
best performance was obtained with the bandwidth selected as sharp and the reception
mode as CW. These settings were also used consistently throughout all measurements.
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To calibrate the receiver the FCU was located 1 meter from the center of the
loop antenna pod and with the FCU transmitting loop broadside to the pod. (The pod
is located on the underside of the fuselage.) After guning to the proper frequency by
minimizing the AGC voltage, the receiving loop was rotated manually for maximum
received signal (minimum AGC voltage). This should correspond to an ADF pointer
position in the direction of the transmitting loop. This may seem incorrect at first
consideration, since the ADF pointer direction corresponds to a null in the loop receiv-
ing pattern. However, it must be remembered that the pointer indicates the direction
of the far-zone reception null, whereas we are in the near zone of the FCU transmitting
loop and for this case the near-zone loop null is rotated 90 degrees from the far-zone
loop null. Once this configuration is obtained, the receiver AGC may be calibrated
in absolute volts-per-meter at the antenna, since for the various FCU transmitting
amplitudes the corresponding equivalent electric field strengths for I meter separation
have been determined by measurement with the EMC-25 (Equation (A.3) is applied)
as described in Section B-3 of this Appendix (Figure B-3). While the FCU has only
4 levels of transmission amplitude (nominally 1000, 500, 100, and 50 -ricrovolts-per-
meter), other levels can be obtained by connecting a signal generator with calibrated
attenuator to the external input jack of the FCU. Using this approach, the calibration
curves of Figure B-5were measured for 5 dB steps of field strength at various frequencies.
It must be emphasized that these curves are included only for illustrative purposes and
that each receiving system, including antenna, transmission line and receiver, must
be calibrated as described if accurate results are to be expected.

Once these calibration curves are obtained, airborne measurements of field
strength can be easily obtained as follows:

I. Tune in station frequency on receiver, minimizing AGC -voltage, and with
controls set as previously described except that the receiver is in the ADF mode.

2. Change to loop reception mode and manually rotate the ADF position in-
dicator 90 degrees (this puts the maximum of the ioop reception pattern in the direction
of the desired station).

3. Read the AGC voltage.

4. Obtain the corresponding electric field strength from the calibration curve
nearest in frequency to the received signal.

b. King KR-86 Receiver. This receiver, while not initially as well-
suited for application of the loop antenna measurement technique as the Bendix receiver,
can be used quite conveniently after several simple modifcations.

Access to the AGC voltage is not difficult for this receiver as this voltage is
available at the connector strip located at the rear of the receiver. Thus for a new
installation, the AGC and ground pins need only be connected to a cable ot meter jack.
However, as a rented aircraft was used to obtain many of the measurements required
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for this contract, it was not possible to change the installation hardware in the aircraft.
For this reason, a hole was drilled in the receiver front panel and a cab!e connected
to the AGC voltage at connector location 12 (see Figure B-6) was passed out through it
and terminated in a connector. To measure the AGC voltage a suitable voltmeter was
connected to the cable.

As this receiver does not have a loon recvption mode, some additional modifi-
cations were required. In order to receive on the loop antino only, one pole of a
double pole switch (52) was connected in series with the sense antenna input as in-
dicated in Figure B-7. Regarding capabilities 3 and 4, while the goniometer could be
rotated manually by depressing the test button on the receiver front panel, it would
immediately start to seek a null as soon as this button was released. In order to main-
tain the goniometer in the desired position as a measurement is made, the second pole
of some switch used to disconnect the sense antenna input was put in series with the
power supply to the goniometer servo motor drive circuity ($1) as shown in Figure B-8.
This switch was then mounted on the front panel of the receiver. In the up position the
receiver operates normally. In the down position, the sense antenna is disconnected
and the goniometer position is fixed. Since the switch was mounted in the front panel
and the AGC voltage was made available at the front panel, the modified receiver
could be installed in the rented aircraft by simply interchanging it with the receiver
(also a King KR-86) normally used in the aircraft.

To calibrate the receiver as installed in the aircraft, the FCU was positioned 1
meter from the loop antenna mounted on the aircraft (on the underside of the fuselage)
with its transmitting loop broadside to it. The receiver was then tuned to the FCU
frequency. By using the test button on the receiver frcont panel to position the goniometer
and the added switch io then disconnect !'he sensc antenna and hold the goniometer fixed,
the goniometer position corresponding to maximum signal received on the loop is found.
This should again correspond with the ,DF position indicator pointing toward the direction
of the FCU transmitting loop. Once this configuration is obtained, the calibration process
proceeds as for the Bendix receiver. The calibraticn curves obtained for various frequencies
with the King KR-86 installed in a Piper Cherokee and using a King Model 42 loop antenna
are given in Figure B-9. Again, it must be emphasized that these curves apply only to the
particular receiver and installation for which they were measured and are not intended
for other use.

Once the calibration curves are made, airborne measurements of field strength
are made as follows. With the receiver in ADF mode and the switch S in the up position
(normal receiver operation) tune fhe receiver to the desired station frequency and allow
the ADF pointer to seek the station. Push ie test button to rotate the direction indicator
90 degrees and keep the indicator in this position, by pushing switch S down (i.e., open).
This operation directs the loop antenna maximur- toward fhe station and at the same time
pushing switch S down disconnects the sense antenna. The AGC voltage can now be read
using an appropriate voltmeter, and the corresponding electric field strength read from
the calibration curve closest to the station requency. F
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